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EXECUTIVE OVERVIEW

In response to Johnson Space Center's efforts to expand NASA's long term goals
in space, the University of Texas ot Austin Astronautical Engineering design
classes have been concentrating their design efforts on a manned mission to
Mars since the Spring of 1985. In the Spring of 1986, the manned Mars mission
design effort branched to & preliminary mission to Phobos which examined
primery and secondary landing sites on Phobos, EVA capabilities, and a manned
Phobos rendezvous vehicle. IGS is currently working on the large scale design
of an industrial Phobos base consistent with Johnson Space Center’s current,

nesr end lang term objectives -- 8 permanent manned presence in space.

This report contains background information on Phobos, & discussion of
materials available on Phobos which will benefit Earth, Earth’'s Moon, Mars, and
the outer planets, and the means of producing the beneficial materials
mentioned. Logistical advantages of Phobos over space supply ports such os
Earth, Earth’s Moon and Mars are examined as well as the unique proximity
operations conditions which exist ot the surface of Phobos. A lerge scale
configuration of the Phobos base along with the base's deployment sequence of
events will be presented. Operationsl procedures for mining snd surface
transportation systems in the milli-g environment of Phobos are also
discussed. In conclusion, strengths and weaknesses of each major design eres
are reviewed end recommendstions are made on future Phobos project
continuations for university disciplines including Chemical, Electrical,
Mechaniceal, Astronautical and Civil Engineering.
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1.0 PROJECT INTRODUCTION

In response to Johnson Space Center's efforts to expand NASA's long term goals
in space, the University of Texas at Austin Astronautical Engineering design
classes have been concentrating their design efforts on & manned mission to
Mars since the Spring of 1985. In the Spring of 1986, the manned Mars mission
design effort branched to a preliminary mission to Phobos which examined
primary and secondary landing sites on Phobos, EVA capabilities, and a manned
Phobos rendezvous vehicle. IGS is currently working on the large scale design
of an industrial Phobos base consistent with Johnson Space Center's current,

near and long term objectives -- a permanent manned presence in space.

1.1 _PROJECT OVERVIEW

The Phobos Base Design Group consists of a Project Manager, a Chief Engineer,
two Branch Chiefs and three project Engineers as seen in Figure 1.1. The
Project Manager controls the project administrative activities, organization
deadlines and milestones, and communications with NASA. The Chief Engineer
vas appointed over the design branches for proper interaction and coordination
of the design effort. The Chief Engineer is responsible for the control of the
technical issues in the Phobos base design. The design group is divided into
two branches: Mission Operations and Base Configuration. Each design branch
has a Branch Chief who is responsible for coordinating activities within the

branch.
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Sections 2.0 and 3.0 presents the final analysis of the Mission Operations
group. Section 2.0 contains background information on Phobos, a discussion of
materials available on Phobos which will benefit Earth, Earth’s Moon, Mars, and
the outer planets, and the means of .producing the beneficial materiais
mentioned. Section 3.0 discusses the logistical advantage of Phobos over space
supply ports such as Earth, Earth’s Moon and Mars. Section 3.0 also examines the
unique proximity operations conditions which exist at the surface of Phobos.

Sections 4.0 through 6.0 present the final analysis of the Base Configuration
group. Section 4.0 defines the large scale configuration of the Phobos base as
well as base deployment events sequencing. Section 5.0 discusses the regolith
mining operational equipment and procedures. Section 6.0 examines the critical

problem of locomotion about the surface of Phobos.

Each section contains a summary of strengths and weaknesses for its
particular area of research. The report concludes with a list of recommended
Phobos project continuations for university engineering disciplines including
Chemical, Electrical, Mechanical, Astronautical, Civil and Nuclear. The
remainder of this section will present the argument for establishing an

industrial facility on Phobos and the groundrules for the design effort.

1.2 WHY AN INDUSTRIAL FACILITY ON PHOBOS ?

Benefits from mankind's industrialization of space have only been touched
compared to the vast potential the extreme edge of our imagination can define.
Through an active space program, menkind's unique and progressive ideas may

be tapped so that wild imagination may be turned into a new reality. Of course,




the industrialization of space must be accomplished in stages. We must first
crawl out to a permanent presence in Earth orbit, take our first steps beyond
the immediate vicinity of Earth, walk through the solar system, and then run

rampant among the stars..but the crawling, stepping, and walking must come
first. IGS proposes to establish a permanent autonomous industrial facility on

Phobos as a possible first step beyond the Earth.

1.2.1 INTERPLANETARY TRANSPORTATION NODE

The initial steps into the solar system must be planned carefully to facilitate
future expansion through the solar system -- Phobos is ideal for this
application. Expeditions from Earth to Mars, Jupiter, Saturn and beyond need
carry only enough supplies to reach the low gravity environment of Phobos,
where supplies such as oxygen, hydrogen, and possibly food could be readily
available. Either outbound from Earth or inbound to Earth, Phobos is a crucial
node for an interplanetary transportation system free from complications such

as atmospheric entry or deep gravity well entry and escape.

1.2.2 EARTH/MARS PROXIMITY MISSION SUPPORT

The delta-V similarities between Earth-based missions to the Moon and LEO
and Phobos-based missions to the Moon and LEO suggest the possibility of an
Earth independent Moon base and & high altitude Earth space station. A

carbonaceous chondrite body with the same mass as Phobos is ultimately

capable of producing 72 cubic m//es of Hy0 -- a single cubic mile of water

could conceivably support oxygen/hydrogen fuel requirements for the next 40 to
o0 years in space. Oxygen and hydrogen are not the only benefits of

carbonaceous chondrite bodies; aluminum, magnesium, silicon, iron, and nickel

4




are other resource benefits. With such resources readily available, a Phobos
base could produce an unlimited amount of mechanical goods such as material

fibers, glass, silicon chips, ceramics, magnets and space truss elements to
support all types of space activities.

An extensive industrial facility on Phobos could support the colonization of
Mars and the Moon with only periodic, short duration manned support. An
autonomous industrial base on Phobos with a manned support capability could

solve the supply problems associated with mankind's initial steps beyond Earth.

1.3 DESIGN FOCUS

For any design effort, the problems to be solved must be defined before
reasonable solutions to the problems can be developed. The design efforts of
the Phobos base design team are focussed on defining problems unique to a
milli-g, high vacuum environment and presenting solutions to those problems.
The Phobos base design concept presented in this report will cover the
following areas:

- materials processing and production;

proximity operations about Phobos;

macroscopic scale base configuration;

mining procedures; and

surface locomotion.

1.4 ASSUMPTIONS AN D S
A set of assumptions and ground rules has been established to define the

boundaries of the Phobos base design effort. The assumptions and ground rules




presented in this section apply to the specific areas of the design focus.

1.4.1 POWER SUPPLY

Texas A & M's Spring 1986 design team designed a8 50 megawatt nuclear power
plant with approximately 5 megawatts net power output. The baseline power
production capability of the Phobos base will be based on this TAMU design.
This power supply will be the main power supply for established mining and
materials processing activities. The initial base deployment will require a

separate, smaller power facility.

1.4.2 AIRLOCK

The University of Texas Mechanical Engineering Department is designing a
minimum volume airlock with a one person capacity to interface with the

Phobos Base manned modules.

1.4.3 PRECURSORY MISSION TO PHOBOS

IGS assumes 8 precursory mission will reveal Phobos as a Type | carbonaceous
chondrite asteroid with a 208 by mass composition of water and will confirm
Stickney Crater as the primary Phobos landing site. The surface conditions of

Stickney Crater will be assumed to be solid rock covered by as much as 200
meters of regolith.

1.4.4 TRANSPORTATION TO MARS
Phobos base transportation from Earth to Phobos, as a whole unit or in
sections, is beyond the scope of this design project. Base deployment analysis

will begin at the surface of Phobos. The Base will have a manned capability for




transport, but manned support {at Phobos) may not be necessary. Propulsion and

control systems for orbital transfers are also beyond the scope of this report.

1.4.5 LIFE SUPPORT SYSTEM
The current space station habitation module will be used as a baseline for the
Phobos base habitat and laboratory modules sizing requirements. Life support

system analysis is beyond the scope of this report.

1.4.6 VEHICLE MASS ESTIMATES
For the delta-V analysis in Sectio 3.0, the following fuel (which will be
transported in the form of water) and structural masses will be assumed for
Phobos support missions:

a) 200,000 kg transport mass for supply missions;

b) 1,000 kg transport mass for exploration missions;

c) 1000 metric tons of fuel and water for LEO operations per year.

1.5 GENERAL REQUIREMENTS
This sections describes the general requirements that have been defined for a

Phobos industrial base.

1.5.1 AUTONOMOUS OPERATIONS

Although the Phobos base will have the capability to support a six man crew,
the base will not require full-time manned support. Surface mining and
materials processing operations will be fully autonomous to allow Earth/Mars
independence or to allow a potential crew to conduct scientific and exploratory

missions.



1.5.2 MODULARITY / EXPANDABILITY / RELOCATABILITY

The Phobos base design will be modeled as an industrial production facility, but
the baseline configuration will be readily expandable to any type of large scale
mission because of the modularity of the system components (i.e. processing,
power, habitation, etc.). The Phobos base will also have the capability of

expanding and/or relocating its mining operations.

1.5.3 ENTIRE BASE DEPLOYS AS A SINGLE ENTITY

The Phobos base will be assembled as a single entity possessing orbit transfer,
surface deployment and production initialization systems to eliminate the need
for multiple Phobos rendezvous. This requirement may be relaxed to allow the
main power supply to arrive at Phobos prior to the main body of the base. One
or two vehicle deployment will depend on crew safety, power plant size, and

power plant mass.

1.5.4 MINIMAL MANNED SUPPORT FOR BASE DEPLOYMENT
Base deployment and initialization on the surface of Phobos will be targetted
for strictly sutonomous operations. A concurrent colonization of Mars would

allow remote monitoring of Phobos operations from the surface of Mars

1.5.5 EVA CAPABILITY
The Phobos base will be able to support manned and unmanned EVAS on and

above the surface of Phobos for maintenance, exploratory, and mining
operations.




1.5.6 MATERIALS PRODUCTION FOR MISSION SUPPORT
The Phobos base will have a maximum capability of producing enough
hydrogen/oxygen fuel to support the following missions every year:

a) 1 large scale mission to outer planets ;

b) 12 supply missions to a Mars proximity space station ;

¢} 6 supply missions to the surface of Mars;

d) 1 supply mission to an Earth proximity space station ; and

e) 1 supply mission to the Moon.

The number of supportable missions will depend on processing rate, volume,

and storage capabilities.



2.0 RESOURCE PROCESSING

This section will describe the physical aspects of Phobos, including its size,
orbit about Mars, and its composition and possible resources. The resources
will then be evaluated, and possible processing techniques will be explored.
Finally, storage facilities will be briefly outlined.

1 CHAR TICS OF 0
As seen in Figure 2.17, Phobos (one of the two moons of Mars) is 27km long,
21.4km wide, and 19.2km high ( Table 2.1). Stickney crater, which is on the end
of Phobos facing Mars, is approximately 10km in diameter. Table 2.12 shows
Phobos is in a low, almost circular orbit about Mars, with the semi-major axis
equal to 9378 km and the eccentricity of the orbit onily 0.015. In addition,
Phobos revolves almost over the equator of Mars with an inclination of 1.02

degrees, and with a sidereal period of 7 hours 39 minutes 13.85 seconds.

Phobos has low surface gravity which makes it easily accessible to transport
to and from the surface. The gravity is only 1cm sec'z, which is one-one
thousandth that of Earth. Phobos’ density is approximately 2.0g cm’3, and its
mass is estimated to be 9.8 x 101 kg. Because of its low albedo ( its albedo is
0.05: that of Earth’'s moon is .11) and its low density, Phobos is assumed to be
an asteroid that was captured by Mars. The spectrum of Phobos' reflectivity
shows that it is similar in composition to a type | carbonaceous chondrite
asteroid, which supports the captured asteroid theory.

10




FIGURE 2.1 - Phobos
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TABLE 2.1 - Dimensions and Orbital Elements of Phobos

Orbital Elements
05EMi=MAJOr 8XIS.......oooevrrrrrrierirrrirrirrenan, 9378km (2.76 RMarg
oECCeNriCitY. ..o 0.015
oinclination (Deg)......covverevveervvivnirinrinaes 1.02
oSidereal Period...........cccovmrvvevnrinioninnnns 7h39m13.85s

Physical Parameters
OLONGESt AXIS.......cvveverccc 27km
eintermediate axis.........co.ocevvvrivciiiniinns 21.4km
OShOrtest aXiS.......ovvvvrenirscnceeesna 19.2km
oRotation.............cooeeeee e Synchronous
ODBNSILY.....coovvrirovreereecrecre e ves e 2.0gcm 31 8
OMBSS.......ooiviveiiiesiet s 98x10 g
OAIDEAD. ..ot 0.05
OSUrTace gravity. ... 1om se 2

2.1.1 COMPOSITION OF A TYPE 1 CARBONACEOUS CHONDRITE
The composition of the type | chondrite meteorites which have been analyzed on

Earth is presented in Table 223 1t can be seen that there is an abundance of

S5i0, and H,0, in addition to other silicates ( MO , FeO) assumed to be present

n Phobos.

2.1.2 SURFACE FEATURES

Photometric, polarimetric and radiometric data suggest the surface of Phobos
is covered by a deep layer of regolith (weathered rock and sand) which was
most likely created by surface weathering and impacts. The cohesion of the
regolith (104 dyne/cmz) is lower than that of Phobos as a whole (10
dyne/cmz) which indicates a solid interior lies beneath the regolith.? Many of
the crater walls display layering, and measurements of those layers suggest
regolith thicknesses from 10-200 meters within Stickney crater®

1R




11a

Surface Features of Phobos
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TABLE 22 - Element Composition of Type | - Carbonaceous Chondrite

ELEMENT PERCENTAGE BY WEIGHT
Si02 23.08
Ti02 0.08
Al202 1.77
Cr203 0.28
Fe0 1032
MnO 0.19
Mg0 15.56
Ca0 1.51
NiO 1.147
K20 0.07
P205 0.27
H20 2054
Fe 0.11
Ni 0.02
FeS 16.88
C 3.62
Others 3.77

The most unusual surface features of Phobos are (1) the elongated rill-like
depressions associated with the crater Stickney, (2) the chains and clusters of
irregular elonated craters, and (3) the parallel linear striations or grooves of
uncertain origin®

The elongated rill-like depressions can be seen in Figure 2.1. These
depressions or troughs originate at Stickney crater and eminate outwards,
which suggests the troughs are actually fractures created by the severe
metorite impact which formed Stickney crater.

The chains of irregular elongated craters are shown in Figure 2.2.7 These chains

consist of craters 50-200m across, which sometimes cluster into the




‘herringbone’ pattern characteristic of secondary ejecta. These crater chains
are not randomly oriented, but seem to run parallel to Phobos' orbital plane. It
is possible that these craters are secondaries which were produced by clumps
of ejecta which originally were thrown out at slightly more than the escape
velocity of Phobos, went into orbit about Mars, and subsequently reimpacted
the surface®

The linear striations or grooves can also be seen in Figure 2.2. These striations
are typically 120-200m wide and can be followed individually for more than 5
km. They occur in at least two sets which are not exactly paraliel but which do
not cross each other. The question remains whether these stiations are more
properly gouges or cracks, and they appear to lie in small circles perpendicular
to the Mars-Phobos direction. It has been proposed that these striations are
either: representations of the layering in Phobos, rows of small impact
craters, or cracks resuiting from tensional stresses. These stesses would be
from the stong gravitational pull of Mars, possibly initiated by the impact
which caused Stickney crater.®

2.2 VALUE OF RESOURCES

Of the elements assumed to compose Phobos, many would be important when
processed into water, propellants, and other materials. These materials would
then have applications in interplanetary travel, Mars exploration, base
construction, or Earth uses.

For the base on Phobos to be used as a transportation node for inter-pianetary

travel, the production of water and propeliants would be important. Because of

13




the abundance of water on Phobos, a base for water supply could be very

valuable and economical. In addition, the water could be processed with
electrolysis or thermochemical reactions to yield the propeliants, LH, and LO-.
These propellants, however, would only be produced for immediate use since
their highly reactive and explosive natures make them difficult to store safely.

CH4, Methane, is another propellant which is less reactive and more stable than

LO, or LH,, but it yields a lower specific thrust. Methane could also be

considered for fuel production.

For the Phobos base to be economically valuable for Earth supply, silicon
semi-conductors could be produced with higher precision and lower cost than
on Earth. Indeed, Phobos’ abundance of silicon and low gravity make it ideal for

this application. Also of use on Earth and in space are ceramic magnets

(MgFeo0,). Ceramic magnets have a wide variety of uses in communications

for antennae, cassett tapes, deflection transformers in monitor screens, and
computer disks.'°

For use in the Phobos base and in other space structures, Phobos has many
material capabilities. The production of iron and Magnesium is feasible as

outlined in Section 2.3. Other possible building materials are ceramics, giass
and fiberglass which are processed from Al1,03, Mg0, 5105, Na»0, and Ca0. With
the exceptions of Na50 and Ca0, the other elements are found in abundance on

Phobos. Unfortunately, the manufacture of metals and metal alloys is less
feasible since only trace amounts exist of the pure metals. In regolith, most




metals eventually become oxidized and so are more difficult (and costly) to
extract from their oxidized forms.

23 PROCESSING
As stated earlier, Phobos's composition is theorized to be of type |
Carbonaceous chondrite. This suggests that up to 20% of Phobos is water. This

water, besides itself being important, can be broken down into cryogenic

propellants (LO»/LH,) and methane. Storage of this water, the extraction of

iron and magnesium, and other possible products will be discussed in this
section.

2.3.1 WATER AND FUEL PRODUCTION

Figure 2.3 presents a processing chart for water and fuel production. The
process starts with the mined chondrite entering a crusher which physically
breaks down the mined regolith so that magnetic separation and transport is
easier. The transport of the crushed chondrite to other stages of the process is
provided by gas dynamic blowers which need only small pressures, about one
millibar, and a carrier gas, such as coarbon dioxide, to move the chondrite
particles. Thus, the regolith is transported from the crusher to a magnetic
separator which separates out the ferrous compounds (mostly FeO and FeS) and
then sends the non-magnetic compounds to the Oven. The Oven utilizes the
electrical power from the nuclear reactor to heat up the non-ferrous regolith
to approximately 700°C causing the chondrite to release water vapor. However,
other gases such as sulfur dioxide, hydrogen sulfide, carbon monoxide, carbon
dioxide, and methane will also be released. Therefore, condensers are

needed to separate the water vapor from the carbon compound gases. The
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FIGURE 2.3 Water and Fuel Production

condensed water will still contain amounts of dissolved H25, and 502 which

will be filtered out by an activated carbon bed filter -- two filters will be
required, one in operation, the other in a regeneration cycle. The water, now
purified, can be placed in storage. An electrolysis unit can then be used to
produce LO,, and LH,, as needed. The unit would use the chemical equation (y is
any real number in the equation):!?

(3+45y)H,0+e=(3+45y)H, +(1.5+235y)0,
With water available, methane can also be produced as a fuel. The carbon

dioxide can be isolated from the volatile gases that will be realeased by the
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Oven by a condenser which uses the distinct vapor point of the gas. A system
devised by Ash, Dowler, and Varsi (Ash, et al 1978) will then combine the
liquified gas with water using the following reaction:

CO, + 2H,0 -> CH, + 20
Methane should be valuable to a Lunar base because of the scarcity of hydrogen
on the Moon. Transporting methane instead of water to the Moon would be more

economical because the oxygen that is in water would be needlessly
transported because oxygen is reatively plentiful there.

2.3.2 POWER AND MASS ESTIMATES

An estimate for power consumption for the water extraction plant was placed
near one megawatt. This was based on an estimated 387 kilowatts for the Oven
to bring the regolith up to 700°C and about 200 kilowatts for electrolysis. The
other 400 kilowatts will needed for blowers,magnetic separator,etc. A mass
of 70 metric tons for the plant is also based on a similar plant which produced
600 metric tons of water.'? More detailed study on the components of the

process flow chart are needed in order to produce more precise estimates.

The Phobos mining system can mine 250 mtons of regolith a day that will be
transported to the processing system. Several assumptions were made for the
efficiency of the processing system at reducing the regolith to its primary
compounds: water production will be S0% efficient; electrolysis will be 65%
efficient; and all other processing will be S0% efficient. Table 2.3 lists
recoverable mass using these efficiency assumptions.
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TABLE 2.3 - One Day's Recoverable Mass From 250 mtons/day of Regolith

Compound 10% kg
510, 28.85
Tio, 0.10
FeO 12.90
MgO 19.45
Fe 0.13
Ni 0.025
FeS 21.10
C 453
H,0 25.68
or

- H, 185
-0, 1483

Since the volume of regolith in Stickney Crater is 0.785 km®, the density of the
regolith is 200 kg/md, and the mining rate is 250 x 10° kg/ day, then it would

take 1,721 years to mine out Stickney Crater. So a Phobos base would be in
production for a long time.

2.3.3 STORAGE

water production necessitates water storage; storage for cryogenics is also
necessary. The most cost effective solution to this requirement is to use the

empty fuel tanks from the orbital maneuvering system as storage vessels.

These could accomodate short term LO, and LH, storage and some of the long

term water storage needs. However, additional storage for water will still be
necessary.
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Figure 2.4 presents a solution to the additional storage problem as a inflatable
balloon structure. The balloon is forced down into the regolith and then
inflated. Vibration can be used to aid in the effort of forcing the balloon down
through the use of a shaker system. The inflation continues until the desired
volume is reached. Then a nozzle is inserted which sprays a stiffening cement
coating on the inside to give the balloon a permanent structure. This structure
is then checked for leaks and sealed so that the structure is gas tight. This

structure should provide easily deployable and adequate storage vessels for
water.

1 BURY MODULE

'
'

e

Ct

............
. . } ’
L A S T B I I

FIGURE 2.4 - Inflatable Balloon Storage Structure
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2.3.4 IRON EXTRACTION
Ferrous compounds (FeO and FeS) are relatively pientiful on Phobos. Figure 2.5
shows how iron could be extracted from at least one of these compounds (FeO).
The compounds should be easily obtained by a magnetic separator which the
regolith is run through prior to water extraction. Silicon will reduce FeO into
iron at 1300°C according to equation:'s

2Fe0 + St -> 2Fe + 310, (1M

This reaction requires pure silicon which is not present on Phobos. There are

as stated before, plentiful quantities of silicon dioxide. Silicon dioxide can be
reduced to silicon at 2300°C by reaction;'4

Si0, + 2C -> 51+ 2C0 (2)
Pure carbon is required for the above reaction. Phobos's composition should be
approximately 3% carbon. However, the simplest method of isolating this
carbon would be to reduce one of its gaseous compounds which will be released
with water vapor in the Oven of water extraction. The below reaction
demonstates how carbon monoxide can be reduced to pure carbon: 1°

8.65C0 + nH, = (intermediates) = 8.65C + (n - 8B.65)H, + 8B6SH,O0 (3)

Carbon monxide can be isolated in the same manner as carbon dioxide by use of

a condenser which takes advantage of carbon monoxide’'s unique vapor point.

More detatled analysis is needed to complete the iron extraction process.
Studies of this and possible steel manufacture are recommended. This process

outline was presented to demonstrate that iron can be extracted from Phobos
substances.
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FIGURE 2.5 - IronExtraction Flow Chart

2.3.5 MAGNESIUM EXTRACTON

Phobos should contain an ample amount of magnesium oxide which can be
reduced to pure magnesium. The process would involve heating magnesium
oxide, silicon, and calcium oxide to 1200°C to produce vaporized magnesium
and solid Ca,5i0, The magnesium vapor is then liquified by a condenser and
then poured into molds to form magnesium ingots. The problem of this method
1s that the quantity of calcium oxide is relatively scarce on Phobos. Glass
production, discusseded later, will take ail the available calcium oxide.
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Another method which requires a higher temperature (2300°C) uses the
following reaction:'®
Mgo + C ->Mg + CO

The advantage to this method is that carbon is more plentiful than calcium
oxide which is required in the first method. This method does require more
energy because of its higher temperature but the nuclear reactor should provide
an ample amount of energy so that this wil not be a problem. Therefore, this
carbon method will be the prefered method. The details of this method requires
additional study and it is suggested that specific system be developed.

2.3.6 OTHER PRODUCTS

what other production possibiities exist on Phobos? Table 2.2 shows that
silicon dioxide should be 22.6% of Phobos composition. Therefore, glass could
be produced since 72% of its composition is silicon dioxide. The other
compounds that make up the other 28% are also present on Phobos but not in
large quantities. Calcium oxide and sodium oxide make up 1.22% and 0.74% of
Phobos respectively. However, some small scale production of glass should be
possible using entirely Phobos substance. Research is required to determine
specific system to produce glass.

The carbon gases (CO, CO,, CH,) that are released during the water extraction

process can be processed into ethylene (C, H,). Ethylene is the building block of

polymers.

If glass and polymers can be produced then their composite, fiberglass, can

also be produced. Fiberglass can be useful as a structure material.
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As stated eariler, magnesium ferrite will be producible from the vast supplies
of FeO and M@0 that should be present on Phobos. This magnetic compound is
used to make transformers in the communication industry. Another item that
might be produced on Phobos is the semiconductor which is made from silicon.
The extremely low gravity of Phobos is a advandage when manufacturing the
seimconductor chip. Other ceramics also might be manufactured from the vast

amount of these compounds present (510, Al, 05, MgO, etc.).

2.3.7 STRENGTHS AND WEAKNESSES

The strength of this section lies in its definition of the materials production
capabilities of a Phobos industrial base. The weaknesses of the section include
processing waste management, processed materials storage facilities, power
requirements, and a lack of detailed production processes.
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3.0 ORBITAL MECHANICS

This section includes the aspects of orbital mechanics which must be
considered if Phobos is to be presented as & space supply and transportation
depot. These aspects include transfer delta Vs and Phobos surface
accelerations. The transfer delta Vs are between various points in the Solar
System and Phobos, and they show that Phobos will indeed be & good supply
base and exploration node. These delta ¥Ys combined with vehicle mass
estimates also set fuel requirements for possible missions that can be based
from Phobos. Finally, accelerations which will influence surface transportation

on and around the Phobos surface are presented.

3.1 SMALL GRAVITY WELL

A Phobos Base would be a good transportation node because Phobos has such a
small gravity well. Table 3.1, obtained from Ref. 3.1, shows the relative
magnitudes of the escape energies of several locations in the Earth and Mars
systems. The value labeled "Mars system (near Phobos)™ is the value that is
important for escaping from Phobos to interplanetary targets. Since the Phobos
value is much smaller than the escape energies from the Earth surface, Mars
surface, and even the Lunar surface, it will take the least delta V to escape
from Phobos. Thus, as will be illustrated in Section 3.2, it is more efficient to
refuel for planetary missions at Phobos than from a LEOSS (Low Earth Orbit
Space Station, LMOSS {(Low Mars Orbit Space Station), or a Lunar base.
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TABLE 3.1 - Gravity Wells in Earth and Mars Systems

LOCATION (ESCAPE vswc;w**)z
(KM/SEC)
EARTH SURFACE 100
MARS SURFACE 5o
LUNAR SURFACE ‘o
MARS SYSTEM (NEAR PHOBOS) ’

* CASE FOR MARS 1l , “Phobos and Diemos as Resource and Exploration Centers”™
¥ Approximate values from a chart

3.2 TRANSPORTATION NODE

Phobos would be a good transportation node and supply base because it has

many resources and is very accessible from both inner planets and outer
plenets due to the small gravity well. This section compares the deita Vs
starting from Phobos to the delta Vs starting from other possible starting

sites.

25



3.2.1 COMPUTATION ASSUMPTIONS

Table 3.2 outlines the delta Vs that were computed from possible origins to
possible customer and exploration sites. The delta Vs starting from all the
planets were computed assuming the vehicle start from a 160 Nmi altitude,
circular orbit about the planet. Similarly, the delta Vs going to all planets
were computed assuming the vehicle finishes in a 160 Nmi. altitude, circular
orbit about the planet. The delta Vs for a LEOSS assumed that it was in a8 250
Nmi altitude, circular orbit. The delta VYs for an LMOSS were computed
assuming the LMOSS was in a circular orbit with an altitude to planet radius
ratio equal to the altitude to planet radius ratio for a LEOSS in 8 250 Nmi

altitude, circular orbit.

The interplanetary delta V values in Table 3.2 were calculated from a patched
conic analysis. The patched conic program used to make the calculations and
the generated output is listed among the sample calculations in Appendix A.
The analysis used assumed that all the bodies were coplanar, point masses in

circular orbits. In addition, all transfers were 180°.

The delta V values in Table 3.2 that involve orbit transfers about one planet
were computed using a generic Hohmann transfer analysis. The orbits were
assumed to be circuler and coplanar, and the bodies were assumed to be point
masses. The Hohmann transfer program used to generate this data is listed

among the sample calculations in Appendix A.
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3.2.2 SUPPLY BASE

Table 3.2 shows Phobos has relatively small delta Vs compared to the other
possible origins. It does take more delta V to go from Phobos to a LEOSS than
from a Lunar base to a LEOSS. Phobos can still be a good supply source for both
a LEOSS and a Lunar Base because there is very little hydrogen on the Moon. In
addition, Phobos could be a back up supply source of water, hydrogen, and
oxygen for a LEOSS and Lunar Base if the Lunar Base production facilities were
closed down for some reason.

3.2.3 EXPLORATION BASE

Brian O'Leary, who is one of the foremost scientists supporting the Mars
colonization effort, says “that Phobos is currently the most accessible known
natural object in the solar system.” (Ref. 3.2) Accessibility is a key asset for
a transportation node. The delta ¥V comparison matrix, Table 3.2, supports this
idea of accessibility since it shows that the exploration delta Vs from Phobos
to exploration sites are smaller than most of the other possible supply bases.
The delta Vs to outer planets which appear slightly more efficient than the
Phobos delta Vs are those from a LMOSS and those from a Mars orbit. However,
these delta Vs are only slightly more efficient. This is because it is more
efficient to do a delta V in a lower orbit than a higher orbit due to the net
change in energy. The same delta V will increase energy more if added to a
large velocity (low orbit) than if added to a small velocity (high orbit).
However, a vehicle starting from either of the LMOSS or Mars orbits must be
supplied from Phobos or the Martian surface, so the net delta Vs of the LMOSS
and Mars orbit are not as small as indicated by Table 3.2. Therefore, Phobos

does have the smallest transfer delta Vs compared to the other possible supply
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bases. This is {llustrated in section 3.3.

Phobos also has a natural advantage over Earth vicinity bases and space
stations because Phobos is so much closer to the outer plenets. The closer
the base is to the exploration site the easier control of operation will be,
the more relisble communications will be, and the larger exploration
vehicles can be due to refueling copability.

From Table 3.2 it may be noted thet less delta V is needed to go to Saturn
than to Jupiter. This is o result of the fixed 160 Nmi. target altitudes
about the planets end the much lerger gravitational ettraction of Jupiter.
(For Jupiter it is difficult to define the surface, so operations may not be
possible at that 1ow altitude. Planetary data was obtained from ref. 3.3.)

3.3 PHOBOS EFFICIENCY

Table 3.3 shows the delta Vs for different transportation scenarios. These
scenarios fllustrate the combined results of Phobos’ low gravity well and
small delta Vs. The delta Vs are from places thet have or may have the
facilities to initiate & supply or exploration mission. The teble shows
that Phobos, with two exceptions, is the most efficient place to base
missions of all types. The Lunar Base still has the lowest delta V to o
LEOSS, and the Mars surface has o lower delta ¥V to an LMOSS. However,
these differences are very small and may be negligible depending on what
supplies are needed and how available they are on the Moon and Mars. The
calculations were made by edding & gravity well delta vV term to the delte
Ys in Table 3.2. The computations for Table 3.3 are in Appendix A.
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3.4 PROXIMITY ACCELERATIONS

Proximity accelerations will directly effect the types and modes of

transportation which are practical on the Phobos surface. Accelerations were

calculated using both a three-body analysis and a two-body analysis.

3.4.1 THREE-BODY ANALYSIS

The three-body analysis was used to determine accelerations at the Phobos
surface and at points up to 10 km. altitude above the surface model. The
accelerations on the surface of Phobos were generated using & point mass
within an ellipsoid surface model, Fig. 3.1, to compute radial distances from
the center of mass of Phobos. Mars and Phobos were the primary bodies
considered, and they were assumed to be point masses. The orbit of Phobos

about Mars was assumed to be circular.

3.4.1.1 Surface Acceleration

coordinate system illustrated in Fig. 3.1. In each of the planes illustrated in
Fig. 3.2, points on the ellipsoid surface were chosen. At each point chosen, the
position vector from the point to the center of Phobos was computed, and the
acceleration vectors relative to the Phobos coordinate system were computed.
The acceleration program used to generate this data may be found listed with
the sample calculations in Appendix A. The program’'s output is listed after the
program in the Appendix and consists of the resulting position vectors,

acceleration vectors, and acceleration vector magnitude.
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3.4.1.2 Normal and Tangential Acceleration' Components

The normal and tangential accelerations at altitudes above the Phobos surface
were computed along each of the axes defined in Fig. 3.1. Fig 3.3. is a plot of
the magnitude of the normal acceleration component towards the center of
phobos versus altitude above the ellipsoid surface model. Positive acceleration
is toward the center of Phobos, and negative acceleration is away from the
center of Phobos. The acceleration components for the Plus-Y, Minus-¥Y, Plus-Z,
and Minus-Z axes are all the same for the three body solution as shown in Fig.
3.3. The Plus-X and Minus-X acceleration components for the three body
solution are slightly different, but due to the resolution of the plot they appear
the same. Fig. 3.4 is plot of the tangential accelerations versus radial
distance. The Plus-Y, Minus-y, Plus-Z, and Minus-Z are on'the same line. The
tangential acceleration along the X-axis is zero. The program used to generate
this data and the resulting output may be found listed with the sample
calculations in Appendix A. The resulting output consists of the position
vectors, the acceleration vectors, the magnitude of the acceleration vector, and

the normal and tangential acceleration components with respect to Phobos.

3.4.1.3 Escape Velocity

The escape velocity of Stickney Crater was calculated using the computed
normal acceleration at 13.5 km. radius on the plus-X-axis from the three-body
solution. From this acceleration, an equivalent gravitational constant for
Phobos was derived. This equivalent gravitational constant was then used to
calculate the escape velocity to be 9.8407 m/sec. The two-body escape
velocity using the actual mass of Phobos from Table 2.1 was calculated to be

9.8421 m/sec. This difference shows that Mars does have a small effect on
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escape velocity. The escape velocity calculations are listed in Appendix A.
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FIGURE 3.2 - Acceleration Gradient Planes
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3.4.2 TWO-BODY ANALYSIS

The two-body problem was studied with Phobos as the primary body. This
analysis computed the accelerations at different redii. The radius ranged from
the smallest radius on the surface ellipsoid model (9.6 km) to 10km above the
largest radius model (23.5 km). Fig. 3.3 includes a piot of the magnitude of the
two-body acceleration component towerds the center of phobos versus radius.
The two-body program end resulting output may be found in Appendix A. The

output consists of the position vector and the magnitude of the acceleration
vector. '

3.4.3 TWO-BODY AND THREE-BODY COMPARISON

The comparison of the two-body solution and the three-body solution shows
that Mars hos e definite effect on Phobos accelerations. Fig. 3.3 shows that in
the three-body solution Mers not only decresses the normal acceleration
component but also reverses the acceleration vector away from Phobos at about
18.5 km redius along the X-axis. The two-body solution is always positive and
approaches zero as radius increases.

In the Plus-X direction (towards Mers) two factors cause the change in
direction of the acceleration vector. One factor is the gravitational pull of
Mars itself. The other factor is centripetal acceleration. The only point on the
X-oxis that is moving at the circuler velocity for its radius from Mars is the
origin of the coordinate system et the center of Phobos. On the Plus-X axis, the
points are moving slower than circular velocity about Mars at their respective
radius from Mars, so the points tend to drop towards Mars (awey from Phobos).
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in the Minus-X direction {away from Mars), only the centripetal acceleration
causes the acceleration vector to change directions. Points on the Minus-X axis
are moving faster than circular velocity about Mars, so the points tend to

travel away from Mars (away from Phobos).

The gravitational pull of Mars can be positive or negative with respect to
Phobos depending on which side of the X-axis the point of concern is on. This
causes the accelerations to vary with radial distance along the X-axis. These
differences are too small to be seen on Fig. 3.3, but the differences may be seen

in the output listed in Appendix A following the three-body axes program.

The other difference that Mars’ gravitational field make's is the tangential
acceleration component. The two body solution only indicates & normal
acceleration vector directed at the center of Phobos. The three-body solution
shows that there is a tangential acceleration component except along the
X-axis. This tangential component is very small, about 700 times smaller than

the normal component at the greatest radius solved for.

3.5 FUEL REQUIREMENTS
The amount of fuel per trip was determined for each transfer delta ¥ in Table
3.4 These fuel usage estimates were used to make sure that the production

rate requirements set by the production and mining groups were realistic.
The vehicle payload mass for supply missions was estimated to be 200,000 Kg.,
and the vehicle payload mass for exploration missions was estimated to be

1,000 Kg. The two delta ¥ programs in Appendix A, include a specific impulse
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algorithm that computes how much liquid hydrogen and liquid oxygen that each

delta ¥ will require for the respective vehicle mass (lsp=360 sec for liquid

hydrogen and liquid oxygen). The results of the fuel usage computations are

presented in Table 3.4. The program output is listed with the delta Vs

following the program. The algorithm and 'sp value were obteined from Ref.

3.4

The smount of fuel per year required to fulfill all the missions listed in
Section 1.5.6 is 2154 mt which is less than the projected yearly production of
5402 mt/year. This projected production weas obtsined using an oxidizer to
fuel ratio of 7, from Ref. 4, and the production estimates from Table 2.4. The

calculations are listed in Appendix A.

3.6 WEAKNESSES OF ANALYSIS - POINT MASSES

All computations assumed that the orbiting bodies were point masses. The
error incurred by this assumption is negligible for the orbital transfer

calculations.

The error incurred for the gravity gredient calculations are small, but may not
be negligible. Phobos is a very asymmetrical body. The computations for the
surface accelerations included only the part of the gravity gradient due to the
veriation of radisl distance from the center of mass by using an ellipsoid
surface model. The part of the gravity gradient due to the non-homogeneous,
non-spherical mass distribution of Phobos was not taken into account. This
small error should not greatly affect the relative magnitudes of the calculated

values.
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4.0 HACROSCOPIC BASE CONFIGURATION

The previous sections outline the benefits and production goals of an industrial
Phobos base. This section will describe the layout of the base on the surface of

Phobos and some of the subsystems required to deploy the base on the Phobos
surface.

4.1 GENERAL CONCEPT

The Phobos base will consist of a collection of specific application modules
(habitat, protessing, power, mining, storage, etc), mounted within
standardized system modules (simple truss frameworks). For on-orbit
maneuvers the Phobos base will be configured in a tower formation. Once»‘bn the
Phobos surface, the base will unfold in a “tackle box" fashion, one modtile at a
time. Figure 4.1 illustrates the tower configuration and the “tackle box"
deployment concept for & two system module configuration. The following
sections will discuss design requirements for & base configuration involving

multiple system modules.

DEPLOYMENT ¥ SYSTEM MODULE

ED
TRANSPORT DEPLOYED
CONFIGURATION CONFIGURATION

FIGURE 4.1 - General Concept for Phobos Base Conf iguration
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4.2 LANDING SITES

Phobos landing sites were researched by the Spring 1986 UT design team --
Texas Space Systems (TSS). TSS designated Stickney crater as the primary
landing site and several of the trenches emanating from Stickney as secondary
landing sites. Figure 4.2 defines the orientation of Stickney Crater with
respect to Phobos and Mars (Stickney always faces Mars). Stickney crater has
several advantages over other possible landing sites: natural radiation
protection, surface conditions conducive to anchor and mining systems, and
continuous observation of Mars. Table 4.1 presents the decision matrix used to
designate Stickney crater as the primary landing site for a Phobos base; the

remainder of this section will discuss the requirements listed in Table 4.1.

TABLE 4.1 - Phobos Landing Site Decision Matrix

OPTION | TRENCH | CRATER EDGE | CRATER CENTER |  OTHER LOCAL
REQUIREMENT
RADIATION PROTECTION 3 1 2 4
ANCHOR SYSTEM 1 1 2 3
MINING SYSTEM 2 1 1 3
EXPANSION 3 2 1 2
MARS OBSERYATION 2 1 1 2

1 = BEST OPTION 3 = WORST OPTION
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FIGURE 4.2 - Orientation of Stickney Crater?
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Radiation protection -- since Stickney crater is always directly facing Mars,
the interior of the crater is shielded from radiation when Phobos is between
Mars and the Sun, when Mars is between Phobos and the Sun, and when the rim
of the crater shades the crater's interior. Figure 43 illustrates a simple
daytime / nighttime pattern for Stickney crater. The daytime / nighttime
analysis presented in Appendix A of this report estimates the time of solar
exposure for Stickney crater to be approximately 42.5 of Phobos’ orbital period

about Mars (worst case).

STICKNEY

SOLAR
RADIATION

FIGURE 4.3 - Stickney Crater Daytime / Nighttime Intervals

The loose regolith thought to be covering the floor of Stickney crater would
also provide excellent radiation protection. A previous study conducted by a
NASA/UT summer intern design team estimated a worst case radiation

exposure for a free space environment sbout Mars as 10 REMS/year with 110
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grams»’cm3 shielding®. This exposure rate was based on energy flux of the
following magnitudes: 10% at 1020 MeV (solar proton events) and 903 at 10°
MeV (background radiation). Based on 425% daytime (42.58 of 10 REMS/yesr @
110 g/cm3) and a regolith density of 1.5 g/cm3, 0.75 meters of Phobos regolith
will allow 4.25 REMS/year radiation exposure -- worst case. This radiation
exposure satisfies the S REMS/year sliowable exposure for radiation workers?.
Regolith depth for total radiation shielding may be calculated using a8 method®
presented in Appendix A. This method yields total shielding requirements of
2.23 meters regolith for 105 Mev energy flux and 171.6 meters regolith for
1020 Mev enefgg fluxes. Regolith depth requirements for a Phobos base safe

haven will be discussed further in Section 4.4.

Surface conditions -- base anchoring systems and surface mining systems
present special problems in the milli-g environment of Phobos: how to supply
the reaction forces necessary to initially anchor the base and how to break up
the surface of Phobos into manageable portions for processing. The solutions to
these problems, presented in Sections 4.3.3 and 5.0 respectively, are simplified
when the Phobos surfece consists of loose regolith instead of solid rock.
Regolith depths in Stickney crater are estimated to be 10 meters at the
crater's edge and over 200 meters at the crater's center®: trenches emanating

from Stickney may contain as much as 20 meters of regolith.

Stickney also provides adequate space for expanding mining operations which
may proceed in all directions from the base. However, trench mining operations
are limited to unidirectional expansion which lengthens supply lines and

creates a greater chance for single point failures. The more regolith within
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Stickney, the more options available for anchoring, mining, shielding, etc..

Mars observation -- because Stickney crater ia always facing Mars, Stickney is
the logical location for a Mars observation facility. Planetary surveys of Mars
and communication links to Earth or other space settlements can both be

accomplished by a base within Stickney.

4.3 SYSTEM HODULE DEFINITION

The Phobos base system module, SM, is a framework of truss elements which
will standardize the interfacing of the Phobos base. The SM may be envisioned
as a tray of a fisherman's tackle box; the tray is generic enough to hold any
type of specialized components (lures, bait, weights, line, etc.) a fisherman
needs to complete his fishing adventure. The basic geometry of the SM is
constrained by several design factors. Table 4.2 presents a comparison of three
SM geometries -- square, hexagon and octagon -- for each of seven design
factors. Based on the decision matrix of Table 4.2, the octagon prevailed as the
best of the three SM geometries for a Phobos application. The remaining

portions of this section will discuss the design requirements of Table 4.2

Modularity -- The SM must be a rigid standard; one SM fits all (figuratively
speaking). The SMs must be able to interface at geometrically similar faces.
For an octagon, this modularity means one SM may be stacked on another SM
eight different ways; or two SMs side by side may be positioned in 64 different
orientations. Figure 4.4 presents the baseline SM geometry and size. The

internal dimensions of the SM were based on maximum Shuttle cargo lengths.
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TABLE 4.2 - System Module Geometry Decision Matrix

OPTION
REQUREMENT SQUARE | HEXAGON | OCTAGON
MODULARITY i 1 1
APPLICATION
MODULE 2 1 1
YERSATILITY
DEPLOYMENT
CONFIGURATION 2 3 1
YERSATILITY
DEPLOYMENT
SYSTEM 1 3 2
PLACEMENT
ANCHOR
SYSTEM 1 1 2
PLACEMENT
SIMPLICITY [ 3 2
WEIGHT 1 3 2

1 = BESTOPTION 3 = WORST OPTION
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FIGURE 4.4 - Baseline System Module Geometry
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Application module versatility -- an application module, AM, is a module
housed within a SM and dedicated to a specific purpose; i.e. life support,
materials processing, power generation, storage, etc.. The shape of an AM
should not be restricted to a standardized, rigid definition -- that is the role of
the SM. The AM must conform to SM {or group of SMs) volume and mass
limitations, but the shape of the AM should depend only on its application;
clearly, a habitat module will have a different geometry than a power plant.
Among the three SM geometries, the octagon delivers the best enclosed area to
perimeter distance ratio; in other words, the octagon possesses the most
useful area for AM placement. This useful ares result may be explained by
comparing a circle (a polygon with an infinite number of sides) and a square

which enclose unity areas, see Figure 4.5.

S
4S5 $
A=1=Trl=> r=0564 A=1=5%= S=1
P=2Hr P=
AP =r/2 = 0.282 A/P =574 =0.25
0.282 > 0.25

FIGURE 45 - System Module Useful Area Comparison

Deployment configuration versstility -- for base operations reasons (AM
interfaces, storage access, etc) and obstacle avoidance reasons (during
deployment), the Phobos base must have the capability of multi-directional
deployment. The octagon provides the best deployment versatility of the three

SM geometries because of its eight faces. Figure 4.6 shows two possible
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surface configurations using octagon SMs.

FIGURE 4.6 - Possible Surface Deployment Configurations

Deployment system placement -~ The deployment system, discussed in detail in
Section 4.3.4, consists of two eletrically powered lever arms mounted on each
of two directly opposing faces of the SM. The square SM provides the best
placement of the deployment system among the three SM geometries because of
the square’s larger faces. For the hexagon SM, deploying face to face would
require mounting the lever arms at the corners of the SM -- adding unnecessary

complexity to the design.

Anchor system placement -- the anchor system, discussed in detail in Section
4.3.3 should be positioned in the interior of the SM to preserve exterior SM
modularity. The best position for the anchor systems lies in the corners of the
SM where the most "wasted space” resides. The square SM supplies the most

corner space of the three SM geometries; the hexagon supplies a smalier
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amount of corner space and the octagon an even smaller area.

Simplicity -- of the three SM geometries, the square SM yields the most
simplistic designs in terms of truss structures, deployment systems anchor
systems and SM interfacing. However, the octagon yields only slightly more
complex designs because the additional four faces. The hexagon SM design

involves severe complexity because the SMs cannot be deployed face to face
with out intricate machinations.

weight -- the octagon SM geometry has a shorter perimeter distance, but 12
more supporting columns than does the square SM geometry -- a similar
analogy may be applied to hexagon and square SM geometries. Therefore, of the
three SM geometries, the square SM will possess the least structural mass and
the hexagon SM the most structural mass because of deployment and

interfacing complexities.

4.3.1 TRUSS ELEMENT DEFINITION

Truss elements comprising the framework of the SM are based on current space
station truss designs7. Figure 4.7 presents the baseline SM truss element; this
element represents a highly redundant system which provides torsional,
bending and axial stiffness on all axis. The overall sizes of the truss elements
and the individual bars will have to be re-evaluated because of potentially high
loading conditions on the truss elements during on-orbit maneuvers. Structural
integrity analysis for the truss elements and the SMs is beyond the scope of the
current Phobos base design project, but such analysis should be conducted in

the future. Truss materials should also be reviewed; Table 4.3 presents a
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decision matrix for truss element materials based on material properties. In
all cases (except radiation protection because of low density), the
graphite/epoxy composites show clear superiority to aluminum, titanium and
steel allogs". However, this decision does not include an important factor --
cost. Although the material costs have not been researched for this report,
material costs will be minor compared to other mission costs --

transportation, man-hours, insurance, etc.

T o REDUNDANT

6f o TORSIONAL STIFFNESS
e BENDING STIFFNESS
o AXIAL STIFFNESS

E 4
A6t

4—6ft —»

FIGURE 4.7 - Baseline System Module Truss Element

TABLE 4.3 - Truss Materisls Decision Matrix

OPTION | ALUMINUM | TITANIUM | STEEL | GRAPHITE ZEPOXY

REQUIREMEN

STIFFNESS 4 3 2 1
STRENGTH 4 3 2 1

HEAT

EXPANSION 4 2 3 1
WEIGHT 2 3 4 1
OUTGASSING 1 N/A N/A 1
RADIATION

PROTECTION 3 2 1 4

! = BESTOPTION 4 = WORST OPTION
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4.3.2 APPLICATION MODULE MOUNTING SYSTEM

Two practical design philosophies exist for methods of mounting an AM within
a SM: additional truss structures and high tensile nets. Both mounting systems
will require custom construction for each AM because of each AM's unigue
shape. Additional truss structures will require reinforcement of the AM at the
high stress contact points and throughout the AM to prevent buckling.
Conversely, high tensile nets will require minimal AM reinforcement because
the nets will be designed to distribute the supporting 1oad uniformily over the
surface of the AM. High tensile nets with supporting straps wiil allow the AM
to be repositioned within the SM for center of gravity alignment {(for on-orbit
maneuvers) and AM interfacing (for surface deployment). Custom high tensile
nets will also be easier to manufacture than custom truss structures and will
conceivably possess less structural mass than a truss system. Figure 4.8
illustrates a high tensile net AM mounting system and Table 4.4 presents the

AM mounting system decision matrix.

APPLICATION CONNECTIONS

MODULE
\ HI-TENSILE NET

T SUPPORTING —

STRAPS

FIGURE 4.8 - High Tensile Net Application Module Mounting System
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TABLE 4.4 - Application Module Mounting System Decision Matrix

OPTION -

RE TRUSS STRUCTURES | Hi-TENSILE NET
APLLICATION

MODULE 2 1
YERSATILITY

CENTER OF

GRAYITY 2 1
ADJUSTMENTS

WEIGHT 2 1
SIMPLICITY 2 1

1 = BESTOPTION 2 = WORST OPTION

Once the SM is anchored to the Phobos surface, the straps may be replaced or
relieved with minimal bar supports. The main problem of 8 high tensile net

mounting system will be creating enough stiffness to eliminate “slosh™ effects
on-orbit.

4.3.3 BASE ANCHOR SYSTEM
The Phobos base anchoring system must provide the f ollowing capabilities:
1) supply reaction forces necessary to penetrate the Phobos
surface,
2) variable anchor depth,
3) soft or hard (regolith or rock) anchor medium,
4) retractable, and
5) simplistic.
Four types of anchors have been reviewed based on these requirements:

1) a conventional self tapping drill,
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2) a self tapping drill with extending blades -- s reverse

umbrella,
3) an inflatable subsurface structure, and
4) a surface freeze technique.
Section 4.3.3.1 presents the baseline Phobos base anchor system; Section
4332 discusses the other anchor systems considered. Table 4.5 summarizes

the ability of the four base anchor designs to meet the specified requirements.

TABLE 4.5 - Base Anchor System Decision Matrix

OPTION | REYERSE | CONYENTIONAL | INFLATABLE | SURFACE
REQUREMENT UMBRELLA DRILL STRUCTURE| FREEZE
INITIAL SET
ON CONTACT 1 1 1 1
SOFT & HARD
SURFACES 1 1 3 3
YARIABLE DEPTH 1 1 4 3
RETRACTABLE 3 1 4 2
SIMPLICITY 3 1 4 2
POWER REQS 1 1 4 3

1 = BESTOPTION 4 = WORST OPTION

4.3.3.1 Baseline Anchor System

Table 4.5 reveals the conventional self tapping drill concept to be the best
among the four base anchor concepts. Figure 4.9 presents a conceptual design of
the self tapping drill anchor. The design incorporates several small diameter

blades to provide the “self tapping™ capability and one large diameter blade
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supply vertical anchor forces once the anchor is set.

22 FT

FIGURE 4.9 - Conventional Self Tapping Drill Anchor

The blades of the anchor are displaced from one another to reduce the
possibility of rotating a “"cylinder™ of regolith instead of spiraling through the
regolith. in the high vacuum, low gravity environment of Phobos, the regolith
may possess fluidic properties, such as viscosity, too large to be neglected. If
viscosity does become a factor, the small pitch of the anchor blades must be
compensated by offsetting each blade a distance which will reduce the fiuidic
affects of the regolith. The pitch of the blades will be small { approximately 10
degrees) to insure the blades move through the regolith instead of displacing
the regolith. One large blade is all thet is necessary to provide a large surface
ares perpendiculer to the vertical anchor forces. Preliminary analysis,
presented in Appendix A of this report, suggests a blade pitch of 10° with a
large blade diameter of 28 inches will provide sn effective self tapping drill
design in terms of power consumption and drilling downforce. Ideal power
consumption was estimated to be 38 kW for a rotation rate of 30 rpm. In
addition, the sheft of the drill may be hollow to allow power cables for a

heated drill bit. A heated drill bit would give the anchor the cepability of
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anchoring directly to rock by melting through the rock surface and then letting

the rock cool around the anchor.

Each SM will have one to two sets of counter rotating anchors to supply a
moment balance between the applied torques to the anchor shafts. Two anchors
(one set) would be optimal in terms of power and simplicity, but for vertical
stability during deployment (Section 4.4), the few initial SMs deployed may
require two sets of anchors. Each SM will also have three adjustable strut
systems to provide a leveling and lateral support capability for the SM. Fins
attached to the surface pad of the strut system, will insert perpendicular to
the Phobos surface during final anchoring procedures and provide the SM with
lateral support. Figure 4.10 and 4.11 illustrate the imhlementation of the
anchor system for each system module. This anchor system will fulfill the

requirements listed in Table 4.5.

SYSTEM MODULE

LEYELING STRUTS WITH
LATERAL STABILITY FINS

FIGURE 4.10 - Base Support Strut System
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FIGURE 4.11 - Baseline Anchor and Support Strut Configuration

Initial set upon surface contact -- The inertia the base will have when
“landing” on Phobos will supply 8 lsrge downforce (impuise) with which the
anchors will begin to drill themselves into the regolith. Once the base's inertia
has been dissipated, the mass of the base will provide several hundred pounds
of downforce to facilitate the drilling action of the anchors. If necessary,
additional downforce may be supplied by the deployment system (Section 4.3.4)

after the first SM has been securely anchored.

Soft and herd surfaces -- the self tapping drills may anchor in the loose

regolith, or, with the addition of a heated bit, bore directly into rock.

Veriable depth/retractability -- The nominal depth of the anchor (20 feet) may
be extended by feeding additional drill shafts, stored in a rotary magazine, to
the drill motor using the mobile remote manipulator system (MRMS) discussed
in Section 6.0. However, anchor depth analysis presented in Appendix A of this
report shows a 20 blade depth will supply approximately 1600 of vertical
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anchor force. Also, a DC motor will provide the anchor with a reversible and
variable speed rotation, i.e., the anchor will drill itseif out of the regolith just
as easily as it drilled itself into the regolith. The reversible nature of the
anchor system is not as important on the base as on the mining track system or
the main mining stations (Section 5.0) which absolutely require a relocatible

anchor capability.

Simplicity -- the conventional self tapping drill concept incorporates a single

mechanical part, the drill itself (excluding the motor).

Power requirements -- although power requirements were not analyzed for the
other three anchor concepts, displacing regolith would require much more
power than simply passing through the regolith. In the later case, energy is
required to overcome only the surface friction {ideal case), but displacing the
regolith would require frictional energy as well as work energy to actually

move the regolith.

4.3 3.2 Additional Anchor Options

The “reverse umbrella” anchor illustrated in Figure 4.12 is also a self-tapping
drill design, but much more complex than the conventional drill design. The
reverse umbrella anchor would be drilled to a certain depth, at which point the
blades would be released at one end. Once the blades are unconstrained, the
drill would be pulled towards the surface; this motion would cause the blades
to fold down and anchor the SM. The reverse umbrella system was eliminated
from the final anchor system because of the system’'s additional compiexity and

poor retracting (once the blades are released) characteristics.
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FIGURE 4.12 - Reverse Umbrella Anchor System

The two other anchor systems studied, inflatable structures and surfaces
freezes, are of the same type and appear in Figure 4.13. Both systems require
two anchoring stages: & preliminary anchor to supply the reaction forces
necessary to place the primary anchor -- the second stage. The preliminary
anchor used would be very similar to the conventional drill anchor discussed

previously. The dual anchor nature of these two systems was the primary

reason for eliminating them from the final anchor design.

FIGURE 4.13 - Inflatable and Surface Freeze Anchor Systems
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The inflatable structure would be deployed by inserting a tube containing the
structure into the regolith and then inflating the structure. Once inflated, a
stiffening agent would be sprayed on the interior of the structure to prevent
collapsing. Power requirements would be excessive compared to the other
anchor systems because of the amount of regolith displaced by the inflatable
structure. Once the stiffening agent is applied, the structure could not be
retracted without breaking the interior stiffner coating. Depth is also a
restriction for an inflatable structure because of the increasing pressure

resistance of the regolith with depth.

The surface freeze system involves injecting the regolith with water and
allowing the water to freeze a block of regolith onto the injecting mechanism.

This system presents a problem due to the low bearing strength of ice.

4.3 4 DEPLOYMENT SYSTEM

The baseline Phobos base deployment system consists of four linearly
telescoping, crane type lever arms -- two arms on each of two directly
opposing faces. Two arms on each face allow a SM rotating capability as seen in
Figure 4.14. Figure 4.14 also illustrates the telescoping arms are necessary for
SM clearance reasons. The ends of the deployment arms will be mounted to the
SM via monocoque panels which will be position on the face of SM truss
element in place of the standard bar. The electromagnetic torque motor for the
lever arm will be mounted directly to the monocoque panel at one end of the
lever arm; the other end of the lever arm will be a free pivot. In essence, only
one set of four lever arms is necessary for base deployment -- the set will be

relocated to different SMs in turn of their deployment. The actual power supply
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would be the only component of the deployment system that would not be
transferable. The system would “plug” into the common base power supply at
each SM. The lever arms would be repositioned using the same MRMS which was

discussed as an aid to the anchor system.

FREE PIYOTS

TELESCOPING

OO0

POWERED PIYOTS

MONOCOQUE

MOUNTING PAKE TELESCOPING ARMS

DEPLOYMENT
MOTORS
SYSTEM
MODULE
FACE

FIGURE 4.14 - System Module Deployment System

A single deployment arm which employed two lever arms with a powered joint
was also considered, but compared to the telescoping arm, the relative
complexity of the dual arm system in terms of geometry, power systems, and
repositioning, eliminated the dual arm configuration from the baseline

deployment system configuration.
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4.4 BASE DEPLOYMENT SCENARIO
This section will present the baseline configuration of the Phobos industrial

base as well as the Phobos base deployment sequence of events.

Figure 4.15 presents a conceptual view of the on-orbit tower configuration of
the Phobos base. Figure 4.16 represents the current baseline configuration of
the Phobos industrial base. The base will be positioned near the south wall of
Stickney crater with radially expanding mining operations. The baseline
configuration consists of seven system modules deployed in the order listed
below:

1) deployment module,

2) safe haven/habitation module,

2)laboratories module,

4) storage/base vehicles module,

5) raw materials processing module,

6) mining module, and

7) primary power plant module.

FIGURE 4.15 - On-0Orbit Tower Configuration of Phobos Base

60




MINING OPERATIONS

NUCLEAR POWER ‘\\

PLANT A0GNIN
[
LTS

OTON %

-,
A

MINING
MODULE

4r,

.
2

D

O %

-,
!

b,

PROCESSING
MODULE

XD

v,

STORAGE /BASE
YEHICLES

a%cmmm DEPLOYMENT
MODULE
N
B SAFE HAYEN/
X HABITATION
S MODULE
xﬁ_

STICKNEY CRATER RIM

FIGURE 4.16 - Baseline Configuration for Phobos Base
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441 DEPLOYMENT MODULE

The base will rendezvous with Phobos (at Stickney) in a tower configuration
with the deployment module at the “bottom™ and the primary power plant at the
"top”. The deployment module will contain all the tools and equipment required
to deploy the Phobos base: initial power supply, MRMS systems, safe haven pit
excavation equipment, etc.. The initial power supply will become the base's

backup power system once the primary power plant is operational.

The tower configuration will approach the surface of Phobos with a slight
velocity to provide the anchor system with a reaction (inertial) force with
which the anchors may begin to drill into the regolith. Once the two drills have
established the necessary depth to provide the specified ahchoring forces, the
strut systems will "level” the tower for the best deployment orientation -- the
orientation of the deployment module, with respect to the Phobos surface, will
dictate the orientations of the SMs to follow. The tower configuration will be
stabilized during the entire initial anchor sequence by the on-orbit attitude
control system -- The control system will merely dispatch an attitude control
command once the proper tower orientation for anchoring has been established.
However, due to the semi-proximity operations nature of the base rendezvous

with Phobos, mission timing will be critical for a successful "landing".

when the deployment module has compieted anchoring procedures, the safe
haven pit excavation equipment will be deployed from the deployment module to
excavate the safe haven pit before the safe haven/habitation module (SHHM) is
deployed over its designated space. The MRMS systems will be initialized from

the deployment module on the exterior of the deployment module concurrently
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with pit excavation. Also concurrently with pit excavation, the deployment
module will be freed (SM interfacing disconnected) from the SHHM and other
equipment will be unpacked: vehicle parking pads (discussed later), special SM

interfacing tracks for MRMS transmodule movement, etc..

When the safe haven pit has reached 8 depth where approximately 8 feet of
regolith (radiation shielding requirements from Section 4.2.1) may be placed on

top of the save haven, the SHHM is ready to be deployed.

442 SAFE HAVEN/HABITATION MODULE
The SHHM contains two habitation modules, a safe haven and an every day
habitat, as well as the access tubes and airlocks necessary to link the two

habitation modules together after safe haven burial.

The entire tower configuration, from the SHHM to the primary power plant
module, PPPM, will be slowly lifted from the deployment module with the lever
arms of the deployment system. Care must be taken to not only clear the
deployment module but also to align the two SMs before the SHHM's strut pads
contact the Phobos surface -- repositioning may be difficult if the fins of the
strut pads perform as designed. Alignment care must be taken for every SM

deployed.

Once the SHHM is resting on the Phobos surface, the deployment arms can
supply the reaction forces necessary to start the SHHM drill anchors. If
required the struts of the SM will be adjusted to improve SM alignment. These
actions will be duplicated for every SM deployed.
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Once the SHHM is firmly anchored, the adjustable straps of the safe haven's AM
mounting system may be used to lower the safe haven into its radiation
shielding pit. The surface access systems will then be secured and the safe
haven covered with regolith using the same equipment which initially moved
the regolith.

During safe haven burial, the deployment system will be relocated to the
laboratories module using the MRMSs and the the lab module will be

disconnected from the SHHM. The deployment process then repeats for each SM

in turn.

443 LABORATORY MODULE

The laboratory module will contain any and all scientific hardware and
experimentation facilities suitable for Phobos applications. The laboratory
module follows the SHHM in deployment sequence so that the habitation
modules and laboratory modules have the capability to be rigidly connected

with pressurized interfaces.

444 STORAGE/BASE VEHICLES MODULE

This module represents the transition from manned to unmanned operations.
The storage/base vehicles module, SBYM, will house storage facilities for
processed goods and the “hanger™ for the manned and unmanned vehicles.

Yehicles will be retrieved from the hanger using the MRMS.

445 RAW MATERIALS PROCESSING MODULE

This module, the RMPM, will house all the raw materials processing facilities.
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This module is logically located between the processed materials storage

facilities and the regolith mining support facilities.

446 MINING MODULE

This module will be the last SM deployed for the main body of the base. The
mining module will hold all mining equipment and supporting transportation
equipment (surface tracks, anchors). This module is deployed at the perimeter
of the base so that mining operations may expand unimpeded by the base. The

regolith mined will also be routed through this module to the RMPM.

4.4.7 PRIMARY POWER PLANT MODULE

This module is the very last module deployed because the'PPPN, discussed in
the ground rules section of this report, will be remotely piloted, via large
rotational tracks, to a location providing adequate radiation shielding for the
Phobos base -- the location could be inside the smaller crater within Stickney.
The PPPM will also contain all cables or equipment necessary to transfer the
power from the nuclear.plant to the main body of the Phobos base. Mining and

processing operations may begin as soon as the PPPM is operational.

4.4.8 MANNED SUPPORT

Initially, the Phobos base described by this report was targetted for manned
deployment support of 6 men for 2 weeks. Upon review of the deployment
sequence of events, all of the deployment events described could be
accomplished by an ertificial intelligence (A1) system or remotely controlied
from a concurrent colonization effort on the surface of Mars. The manned

capability for the Phobos base is still required to fulfill the needs of a wide
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range of space supply, transportation, exploratory and scientific missions.

45 OVERALL MASS ESTIMATES

A rough method for estimating a total base mass is presented in Appendix A of
this report. Using graphite/epoxy compounds for the system module truss work
yields a truss work mass of 14,500 kg for a truss bar radius of one inch and a
truss size of six feet cubed. Most of the SM payload masses are unknown;
however, a few estimates are available. The 5 megawatt nuclear planned
designed by Texas A&M was estimated at 110,000 kg, two space station
habitation modules (1985) were estimated at 40,000 kg. 100,000 kg was
arbitrarily selected as an average SM payload mass. From these assumptions,
the total base mass estimate becomes: 801,500 kg or about 1800 tons -- this
will likely present structural integrity problems in the SM trusswork and will

definitely 1imit the acceleration potential of the base on-orbit.

4.6 MACRO BASE CONFIGURATION STRENGTHS AND WEAKNESSES

The main strength of the macroscopic base configuratioﬁ design relates to the
underiying motivation of the NASA/University design programs: to present new,
innovative ideas for the advancement of a permanent manned presence in space.
The base design of Section 4.0 presents unique solutions to modularization of a
large, complex industrial base which is constrained to a milli-g environment
and only a few weeks deployment time for full-potential productivity. The
macro base design defines problems, and some solutions, of problems
previously undefined. With an overall concept to work with, design efforts may
be continued in specific areas of special interest: application module

interfacing, anchor systems, deployment systems, space vehicle supply and
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docking scenarios, power systems, structural integrity, life support systems,

on-orbit and interplanetary propulsion systems, etc.

The overall weakness of the macroscopic base design stems from the broadness
of the design effort. The aspects of the base design that are covered are done
so on a conceptual level. Other aspects of the design are simply assumed as a
ground rule: life support systems, power systems, on-orbit/interplanetary
propulsion, crew evacuation. However, aspects of the base design addressed as
8 ground rule were those which already possess {in most cases) significant

work directly and indirectly applicable to the current Phobos base design.

Other gaps in the design effort, cannot be peddled avay as groundrules. Space
vehicle rendezvous with the Phobos base for resupply -- both surface resupply
and on-orbit resupply scenarios need to be defined. Base transportation cannot
be assumed any longer -- the size of the project that has been defined
necessitates a serious feasibility study to determine if the Phobos base can be
transported into space in & cost effective manner. The structural integrity of
the Phobos base for its on-orbit transportation role was essentially ignored,

but the base size and mass estimates force the structural integrity issue.
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9.0 MINING PROCEDURES

This section discusses mining equipment restrictions and requirements,
versatility, and outlines an operational mining system. Mining strategies and

required technologies will also be discussed.

9.1 EQUIPMENT RESTRICTIONS AND REQUIREMENTS

The physical conditions on the surface of Phobos pose restrictions on the

mining equipment to be used. The main restrictions are the increased friction
due to the near vacuum on the surface of Phobos' and the lack of any convective
heat dissipation mechanismz, both of which will affect the performance of the
equipment. Another restriction is the possibility of cold welding of moving
joints, also due to the high vacuum environment®. An additional restriction is
posed by the very low gravity on the surface of Phobos which will require the
mining equipment to be securely anchored or to be sufficiently massive to
create enough reaction force to be able to mine the surface. The mining
equipment should comply with certain requirements. The equipment must fit,
efficiently packed, into the system modules. The mining system must be
relocatible and expandable for surface versatility. The mining system should be
able to avoid or reduce obstacles such as large rocks. The mining equipment
should perform several tasks: surface mining, surface coring, surface
tunnelling and safe haven burial. in order to achieve these tasks, the mining
equipment should consist of several interchangeable mining components. The

mining equipment should consist of simple components and each with a

minimum of moving parts.

68




2.2 MINING CONCEPTS

This section presents the proposed mining concepts with a brief description of
the components. The component descriptions are conceptual and serve to define

system requirements.

9.2.1 SCOOPING CHAIN
The scooping chain mines regolith by scraping the surface of Phobos. Figure 5.1
shows the surface scraping component, which will then be attached to &

system module.

FIGURE 5.1 - Scooping Chain Concept

5.2.2 REGOLITH MELTING

Regolith melting is useful in tunnelling, coring, and safe haven burial. Several
methods and components have been suggested for these tasks and reference 5.4
proposes seversl coring components. Consolidation melting creates o
glass-lined hole with thick (x1/2 of the hole radius) solid walls. This feature
can be used to form walls composed of many solid hollow cylinders as shown in
Figure 5.2. The regolith within the walls would then be removed with a
scooping chain mechanism. This procedure could be used for safe haven pit

excavation. Figure 5.3 shows a component which would form slabs of melted
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FIGURE 5.2 - Excavation Using Wall Melting
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regolith that could be used for subsurface construction, shielding or storage.

Slab of Solid Regolith

+—

a)

Rotation ?

b)
FIGURE 5.3 - Slab Melting Concept

The slab melter bites into the regolith and melts it with the high temperature
surface inside the device. The slab melter is then pulled up and rotated until
another slab melter is in place. The process is then repeated. Once the slab is
rotated 180° a pusher then pushes this solid slab onto a conveyor belt feeding

the processing unit. The slab melter assembly fits into a multidirectional joint.
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This procedure is not favored for resource mining because heating the regolith
at least to its melting point causes it to lose much of the desired volatile

products, namely hydrogen and oxygen.

5.2.3 DRAGGED SCOOP
Figure 5.4 shows the dragged scoop concept. This method is inefficient since it
is not easily automated. This is due to the need for the scoop to be redeployed.

it also fails to provide effective obstacle avoidance.

Processing Module Drag Line Scoop

~,

Regolith  Trouch
FIGURE 5.4 - Dragged Scoop

5.2.4 ROCK FRALTURING
In the advent of finding a solid rock obstacle, rock fracturing should be applied
before the scooping chain starts its job. A method of fracturing rock by impact

shock waves is illustrated in Figure 5.5. This is achieved by attaching a probe
with an impact hammer. The hammer is driven by & piston with compressed (:02
gas. Carbon dioxide is & by-product of the proposed regolith processing and

should be readily available. Internal stesses in the rock are cumulative and

repeated impacts will eventually crumble the rock, irrespective of the

magnitude of the force of impact.
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Gripping Element

/

Hammer Shock Absorbing Casing
FIGURE 5.5 - Rock Fracturing Element

9.2.5 ORE CARTS

The required ore cart payloads can be initially sized using an assumed ore
production capacity and a continuous operation. The time it takes for g cart to

traverse the track circuit can be described by the expression:

T = L/V+t (5.1)

¥here,
T Round trip circuit track time

Round trip track length

Average speed along the circuit

Estimated off-loading time

L
A
t

The track length can be stated as the perimeter of a circular arc:

L = r{(2+8) {5.2)

¥here,
Spoke radius
Angle between the spokes in radians

Desiring & 1oad (mass) per trip, the product of the daily production requirement
with the circuit time divided by the work-dsy length yields the requirement for

a single mining station. For a given number of stations, the following equation
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results:
nS= T(D/W) {5.3)
¥here,
n Number of mining stations
Mass requirement for the ore cart
Daily production requirement

Length of work-day

S
D
L.

Using a daily production rate {Earth day) of 250 metric tons of H20 per day,
assuming a 10% water recoverability factor, a spoke length of 1 km and an angle

between the spokes of 30°, the round trip track length is:

—
]

r(2+gs) {(5.2)
1 km { 2 + 0.5236)
25236 km

Assuming an average track speed of S5 km/h and an off-loading time of 10

minutes:

-
1]

L/V +t (5.1)

(25236 km /5 km/h) + 0.1667
0671 hours =~ 41 min.

Now, using the two initial mining stations and a 22 hour work-day, the ore cart

mass capacity is:

w
"

(T/n)(D/W) (5.3)
(0671h/2)250mt/22h)
3.815 mt per trip
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This is for a single ore cart per mining station. So each ore cart must be
capable of 1.907 metric tons of regolith. The volume of this regolith will yield

an initial estimate of the size the ore cart must accommodate.
V = S/d {5.4)
Where,

Ore cart volume
Density of regolith

Using a constant density for Phobos of 2000 kg/m3 or 2 mt /n® , the cart
volume is:

1.907 mt/ 2 mt/m®
0.954 m3 per trip

<
"

This volume corresponds to that of a cube with sides of 0.954 meter. The factor,
D/nW, is also the expression of the required hourly rate of ore production for a
single mining station. Using the same daily production requirement and
work-day, the production rate is 5.682 metric tons per hour. The resulting
volume is 2.841 m/h. These figures indicate that the assumed daily production
requirement is adequately met by the proposed mining operation. Another
implication of this low rate is that the slower mining motions necessary in a
low-g environment can easily be accommodated with a8 minimum of impact on

production.
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9.3 MINING STRATEGIES
The mining can take place either on the surface or under the surface, as shown
in Figure 56. Problems with surface mining include raised dust and on

adequate anchoring system.

FIGURE 5.6 - Subsurface Mining

The mine station anchor should be sufficient for both horizontal and vertical

reaction forces. Advantages of surface mining include:

a) ease in relocation an obstacle clearance;
b) ease of maneuvering on a the track for expansion and maintenance; and

c) regolith transportation to the processing station.

It was decided that a crawling, mining vehicle was unsuitable for use in the low
gravity environment of Phobos* A sealed system to minimize the amount of
raised dust eliminates the first problem. Using a separate anchoring system can
eliminate the second. The advantages to subsurface mining are: raised dust is
not freed in as great quantities and normal reaction can be obtained from both

the floor and the ceiling. This assumes the regolith can support tunnels.
Disadvantages to subsurface mining include:
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a) maintenance access;

b) cave-ins requiring support;

c) the need to transport regolith out of the hole; and
d) obstacle avoidance or clearing.

By applying the various mining components in view of the advantages and
disadvantages a comparison of mining equipment and strategy can be made.
Table 5.1 contains a decision matrix rating the various concepts for suitability
to Phobos applications. From Table 5.1 the best choice for resource mining is
the scooping chen'n. The disadvantages of surface mining are more easily
overcome than those for subsurface mining. Above surface mining is the

preferred method. However, both the scooping chain and a melting system are

necessary for safe haven burial.

TABLE 5.1 - Decision Matrix

OPTION SCOOPING CHAIN
REQUIREMENT SYSTEM et | MELTING
SIMPLICITY 1 3 2
ABOYE SURFACE OPS. 2 1 3
BELOW SURFACE OPS. 2 N/A 1
RESOURCE YOLUME 1 1 3
OBSTACLE CLEARANCE 1 3 2
EASE OF AUTOMATATION | 1 2 1
SAFE HAYEN BURIAL 1 3 i

Simplicity is s messure of the mechanism's complication and ease of
operation in normal circumstances. Normal circumstances are the ssme

for each concept.
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Above/Below Surface Operation is 8 rating of the suitsbility of the
mechanism for above or below surface operations. Notice the dragged
scoop cannot be used in subsurface operations.

Obstacle Clearance/Avoidsnce implies no special machinery has been
installed to clear obstacles. The scooping chain was rated best for its
ability to avoid obstacles.

Esse of Automation rates the ability for a complex artificial intelligence
{Al) todirect the operstion. Such Al factors as sensing and control were
used to rate this category.

Safe Haven Burisl rates a concept for its suitsbility to dig a hole for the
safe haven.

9.4 OPERATIONAL PROCEDURES
Because of the requirement for continuous operation, the regolith transportation

system on a closed loop of track. Power is supplied by this track and serves as

8 distribution bus for a series of scooping-chain mining stations. This relieves

the necessity for batteries in the mining stations. Because the mining stations
are restricted to the track, a method minimizing the track relocation was
needed. The design presents a closed loop of track where mining takes place at

the periphery.

5.4.1 TRACK LAYOUT

A possible configuration for the mining track layout is an arc with the center at
the ore off-loading interface (Fig 5.7). This configuration provides a continuous
one-way track for the ore carts. This is helpful in automation and to minimize
the amount of track initially carried to Phobos. Mining stations will move
clockwise about the arc. Digging patterns of the stations will themselves be
arcs but not necessarily so. A second arc of track radially inward of the initial
track should be deployed after the mining operation has been started. These two
arcs will “leap-frog” inward to shorten the spoke length. As these spokes

shorten, the excess track will be placed in the next spoke position. This will
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ensure continuous operation. Freed track from both the spoke and the two arcs
can be used in the 1ayout of the next spoke-arc combination (Fig. 5.8 ).

Direction of Mining Stations
Mining Statigns > &

Direction of Ore Carts
Ore Off-Loading Interface
FIGURE 5.7 - Track Layout

previous location of track

miniag stations -/
| ] ?
L} > »> [

future site of track

FIGURE 5.88 - Mining Station Relocation

79



& Future Site
& W of Freed Track

Freed Track Implaced

FIGURE 5.8b - Mining System Relocation

5.4.2 CART LOADING/UNLOADING

The carts are loaded by passing through the mining system module, shown in
Figure 5.9, and dumping the scoops full of regolith into the cart. Since the
system module is sitting on the tracks the cart will unhook temporarily from
the main tracks on to local tracks located at the sides of the throughway.The
system module has the driving and control systems for the mining operation and

thus can control the cart for stopping and loading.

5.4.3 REQUIRED VEHICLES

For two mining stations and a round trip transit time of 0.683 hours, 2 ore carts
per station should work efficiently by scaling ore excavation rates. Using &
minimum of four ore carts and one rock fracturing unit, a minimum of two track
driving bases are necessary. More driving bases will be needed for redundancy.
A track relocating vehicle, maintenance and transportstion vehicles are

required. These vehicles as well as the track are discussed in Section 6.0.
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area to be digged

side view

FIGURE 5.9 - Mining Station

9.5 REQUIRED TECHNOLOGIES
Some new technologies will be necessary for the above ideas to work mainly to

overcome some of the restrictions posed by the environment of Phobos, as

mentioned in section 5.1. Required technologies include:
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a) new heat resistant alloys and coating methods to reduce wear
and tear;

b) new lubricants that are efficient in vacuum are required for
parts moving in 8 vacuum;

¢) an anchoring system that will handle the horizontal and vertical
reactions due to mining; ‘

d) artificial intelligence sensing and control for automation of the
mining operation; and

e) artificial intelligence maintenance techniques to repair mining

malfunctions.

9.6 STRENGTHS AND WEAKNESSES

This section has set forward a mining system concept that fulfills the
requirements posed by the environment of phobos and the nature of the mission.
The environmental restrictions and general requirements as well as the basic
operations of the mining system and required advances in technology have been
defined. A short analysis showed that this mining system can easily meet the
production goals of the base. The section lacks, however, any detailed analysis
on the mining modules themselves and on the flow of the operations. Both the

mining modules and the operational flow set up whole areas of research

themselves.
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6.0 SURFACE LOCOMOTION

This section will define possible required missions for Phobos’ surface
vehicles. Many modes of locomotion have been investigated for Phobos surface
vehicles. Investigations have been based on lunar vehicle proposals and past
research! which was considered for the Apolio missions. The design problems
arising from the different environments of Phobos and the Moon will also be
examined in this section. In order to fully develop & preliminary design for a
surface vehicle, the Phobos surface terrain will be assumed to be similar to
that of the Earth’s moon. A decision matrix will be used to determine the

surface vehicle or vehicles which could be used for Phobos base applications.

6.1 VEHICLE DESIGN DEFINITIONS

In order to have a fully autonomous base, some means of locomotion will be
required. Locomotion could also be necessary for manned EVA's. The possible
missions for a surface vehicle include:

® Standard maintenance

® Mining

® Transportation

® Surveying

e Exploration

® Large scale remote placement

® Initial base deployment

® All Purpose
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6.2 DESIGN PROBLEMS FOR SURFACE LOCOMOTION ON PHOBOS

As mentioned above, research was based on surface vehicles which were
considered for the Apollo missions; however Phobos presents many surface

transportation problems which were not problems for the Earth's moon.

Phobos has one-thousands the gravity of Earth, thus gravitational effects from
Mars make proximity operations analysis of the three body (Mars, Phobos, and
vehicle) problem a realistic approximation for Phobos. Depending on the results
of the Orbital Mechanics Group, proximity operations could drive the selection
of the vehicle, but for preliminary design, gravitational effects of Mars will be
negleted and the surface will be considered flat. The milli-g environment of
Phobos yield reduced traction horsepower requirements and tipping stability

problems; ie. the speed of the vehicle will have to be reduced when turning or

cornering.

The vacuum environment will also influence the choice of locomotion. Cold
welding will occur with poorly lubricated joints or rolling surfaces. Thus
contacts must be protected or pressurized or an advance technology lubrication

will have to be developed.

Surface characteristics is another consideration for vehicle design. Obstacle
clearance and avoidance issues and the steepest slope or climbing gradient for
the vehicle will have to be defined. The extent of grit or dust on the surface
should be known together with the particie size. Problems for vehicles could

include dust kick-up, rocket thrusters clogging, and sliding surface

contamination.
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For optimum locomotion system selection, the soil values, bearing pressure,
smoothness of the surface, friction, and sinkage characteristics and cohesion
must be known together with the distribution of these properties over the
route that the vehicle will travel. For values that cannot be determined, Earth’'s

moon will be used for the design and selection of the vehicle.

For manned vehicles, solar radiation protection will be included in the vehicle
design. Meteor impact frequency will also be considered. The horizon distance
is greatly reduced because of the size of Phobos; therefore some means of

navigation will have to be considered.

6.3 VEHICLE DESIGN CONFIGURATIONS

Vehicle design will be based on four configurations:

® Rotational-tracks or Wheeled Yehicles
® Track-laying or Track-guided Yehicles
® Burrowing Vehicles

® Flying Vehicles

6.3.1 ROTATIONAL-TRACKS OR WHEELED VEHICLES
This type of vehicle will use wheels or rotational-tracks to propel itself. Some
of the past proposals for the lunar vehicies include the Lunar Surface

Exploration Vehicle and the Boeing MOLAB.

Wheeled vehicles will be considered for local area operations which will

require maneuvering around obstacles. The wheels of the vehicle could have
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sluminum spokes with recessed steel webbing, the spokes deflecting radially
and tangentially to simulate a pneumatic tire. With the steel webbing, a
constant wheel width is maintained and the rolling resistance is kept
constant. With increasing load, the contact area increases longitudinally
producing no increase in bearing pressure. The chassis of the vehicle will be
low and wide to produce a low center of mass. This type of vehicle could be
used to perform necessary maintenance tasks around the base. The immediate

problem of this type of vehicle is reduced traction horsepower.

The rotational-tracked vehicles (bull dozer, tank, half-tracks type) will be
considered for long range operations and transport of large masses. The tracks
will have extended ribs to allow more traction. To improve stability, the
vehicle will have a low center of mass. The tracks should also be as far apart
and as wide as possible. This type of vehicle is expected to have good mobility
on the soft ground, good performance on rough surface, and good obstacle
crossing. This vehicle will be used for the remote placement of the powerplant.

Figure 6.1 depicts the wheeled and rotational-track vehicle configurations.

6.3.2 TRACK-LAYING OR TRACK-GUIDED VEHICLES

Track-laying vehicles will use track which is anchored to the Phobos surface or
base to propel and steer the vehicles. The track may be laid by the vehicle as it
progresses along a previously laid track or the track may be deployed in large
folded, spring-released sections. All track systems will require an anchoring
system to resist vehicle inertial forces. Track anchor systems will be small

scale versions of the base anchor systems.
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2l 43

Rotational-Tracks Yehicle

FIGURE 6.1 - Wheeled and Rotational-track Vehicles.

Track-guided vehicles will use a track which is suspended above the Phobos
surface. The vehicle could be suspended below the track or ride above the track.
The initial deployment of the track will require a complex deployment system,
but the vehicle will not be restricted by surface obstacles. Figure 6.2 depicts
the track configurations.

These type of vehicles could be used to transport equipment or regolith to
areas which require transportation between two fixed points {mining
operations). The vehicle could be capabie of transporting large masses since

the vehicle would be getting reaction and stabilization from the tracks.

A tracked vehicle will also be used to transport the Remote Manipulator System
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(RMS). The RMS will travel along tracks which are mounted to the tops of each
module. The RMS will use the base for reaction force by locking the vehicle to

the tracks. The RMS will be an important part in the deployment of the base and

mining operation.
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FIGURE 6.2 - Track-laying and Track-guided VYehicles
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6.3.3 BURROWING VEHICLES

This type of vehicle was proposed by the General Motors Defense Research
Laboratories. The principle of this type of vehicle is based on using one or a
pair of screws to plow and propel itself through loose surface material. The
vehicle could tow other necessary vehicies through the tunnel it dug out. The
vehicle could also operate above the surface by having the screws buried in the

ground. Figure 6.3 depicts this configuration of a burrowing vehicle.

A burrowing vehicle would be very useful for tunneling. The concept will be the
toughest vehicle to design since the soil parameters are not known.
Conceivably, the vehicle could bury itself and remain stuck in the regolith; thus

this vehicle is not a primary candidate for the Phobos base.

Archimedean-screw

Burrowing Yehicle

FIGURE 6.3 - Burrowing Vehicle
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6.3.4 FLYING VEHICLES

This group of vehicles would use reaction jets for movement about the surface
of Phobos. The advantages of a jet powered vehicle include increased surface
mobility and the capability of going over large irregularities of the surface.
The jet powered vehicles may be groupéd into two categories: small scale
vehicles like the Manned Maneuvering Unit (MMU) or Space Scooter Unit (SSU)
and the larger scale frame-based vehicles. |f the dust kick-up of the surface
becomes a problem, the vehicle may have jumping shocks which will enable the
vehicle to be kicked-off the ground for initial surface clesrance, at which time
the jets could be used. Figure 6.4 depicts the configuration of three flying
vehicles. The control systems of these types of vehicles will have to be very
sophisticated. With the miili-g environment, the vehicle could easily be lost in
space or crash uncontroliable. An inertial navigation system is expected to

have the capability to accomplish control and stability of the vehicles.

If enough reaction from the rockets were available, the framed based vehicle
could be used for maintenance. This type of vehicle would be most advantageous
for manned flight. The vehicle will be maneuverable and autonomous if
necessary. The vehicle is the primary candidate for the transportation vehicle
and the exploratory/surveying vehicle. A RMS will be installed on the vehicle

for general tasks. A remote pilot control will be considered for an option.

The MMU and SSU will be useful to transport people to tasks which would
require more flexibility than the frame based vehicle. The SSU will be
adventageous because the person could leave the vehicle. The weakness of this

idea is that the man will have to adapt to the milli-g environment. The MMU
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will restrict the persons movement within the back pack, but he could easily

maneuver around the base for certain tasks.

MMU SSU
(Manned Manuevering (Space Scooter Unit)
Unit)

mechanical arms

rocket
thrusters

—

¥

-u///////////////////////,it.l}//// ////
| T

crew capsule

shock absorbers skids

or jumping shocks

- FIGURE 6.4 - Flying Vehicles
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6.4 DECISION MATRIX FOR SURFACE LOCOMOTION

A decision matrix will be used to determine the best vehicle or vehicles for the
Phobos base. The vehicle will be versatile enough to carry out many tasks. The
vehicle may or may not be manned, depending on the requirements of the
specific missions. The vehicle should have an autonomous or remote pilot
control for the manned vehicles. The vehicles required for the operation of the
base will be autonomous. The decision matrix which will be used to determine

the mode of locomotion is shown in Table 6.1.

Terrain versatility - - the rotational tracked, tracked, and fiying vehicles seem
to be versatile on Phobos’ surface. The flying vehicles obviously have the
greatest advantage since they can fly over obstacles. All the vehicles will
require some type of stabilizer because of the low gravity. The stabilization

could be accomplished with tracks, reaction wheels, or rocket thrusters.

Environmental effects -- the surface vehicles will have an effect on the
environment. With the surface contact, the vehicles will easily kick up dust

which could reduce visibility or immobilize the vehicle.

Minimum moving parts -- the flying vehicles will have the least moving parts
necessary for propulsion. The rotational tracked vehicle would potentially have
the most moving parts. As mentioned before, moving parts would be @

disadvantage since the vacuum could cause cold welding on moving surfaces.
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TABLE 6.1 - Surface Yehicle Decision Matrix

0w |
2 |3
-— w
e |z |8
& |1<|>]2
o Z2|< |
=2 B T
-— ]
=X | x| Q@
<jolo|z], "
REQUIREMENTS Elz|x|%|2|3]8
X ||+ ju|E]|0n]| o
TERRAIN VERSATILITY |3 [3 [ 2| 1|1 | 1] 3

MILLI-G STABILITY

o
W
W
L]
N

ENVIRONMENT EFFECTS | 4 | 2 | 2| 2| 2| 2] 1

MINIMUM MOVING PARTSY S (4 | 3 11 1] 2

MANEUVERABILITY 315|5S 1] 1 11 95
HIGH SPEED 4 (2 12121313 2
PAYLOAD WEIGHT i 1 113 |5 |5 |3
AUTONOMOUS 1 1 115 1|5 1

1 -5 :Best - worst.
Maneuverability -- all vehicles possess some maneuverability, but the flying
vehicles are the most maneuverable. The vehicles’ speed will be limited by the

escape velocity of Phobos unless some means of control is applied to keep the

vehicles on the ground.

Payload weight -- the tracked vehicles seem to have the largest load

93




capabilities. The worst load carriers are the personal vehicles such as the SSU
and MMU. The RMS could be designed to support high loads since it will be
anchored to the base. The tracked vehicles will also be capable to carry large

1oads.

Autonomous -- all vehicles could be designed for autonomous operation, but the
unmanned vehicles which would be used for transporting mining equipment and
used for maintenance would be the ones which would require the autonomous

control. The autonomous control should include some means of remote control.

6.5 SURFACE VEHICLE DESIGN CONCLUSIONS
Four types of vehicles were determined to be required for the autonomous
operation of the Phobos base:

» Remote Placement Vehicle {large structures),

e Remote Manipulator System,

® Magnetic Levitation Yehicle, and

® Flying Yehicle.

The Remote Placement Vehicle (RPY) {Section 6.5.1) will be used for the
remote placement of the nuclear powerplant. The vehicle design was based on &

proposal for a lunar {Earth) project.

The Remote Manipulator System (RMS) (Section 6.5.2) will have a primary role
in the base deployment. It will also be used to keep the track system of the
mining operation running. Details of this vehicle will be assumed closely
related to the LEO Space Station RMS.
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The Magnetic Levitation Vehicle (MLY) (Section 6.5.3) will be a generic vehicle
which will use superconducting tracks to propell and levitate the regolith carts
and mobile RMS. The track system will operate using electrical power from the

powerplant. This type of vehicle is currently being studied as a mass driver.

The Flying Vehicle (FV) (Section 654) will be used for exploratory and

surveying purposes. The vehicle will be capable of supporting a two man crew.

It has been determined that each vehicle could be & project in itself, thus this

section will give a description of each vehicle and rough estimates on power
consumption and mass.

6.5.1 REMOTE PLACEMENT VEHICLE

The RPY will be & rotational-tracked vehicle mounted to the Powerplant
System Module. The tracks will be lowered from the module during the
powerplant deployment. The vehicle will be used to move the powerplant a safe
distance from the main base. A power cable will be used to transfer the
electrical power to the base. As the powerplant is moved to the safe distance,
a plow will be used to bury the power cable in the regolith for protection.

Figure 6.5 illustrates the RPY with the power cable burial plow.

A power estimate was determined using some design proposals results from
Reference 6.1. The data was taken from the Lunar International Laboratory -
Translunar Exploration Vehicle (LIL-TLEV). The LIL-TLEY was six

rotationai-tracked vehicles in tandum arrangements similar to a train. Since
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the vehicles were slow moving vehicles (0.45 m/s) and each vehicle was

moving at the same velocity, it was assumed that power has a linear

relationship to the mass of the vehicle. The power relationship to the mass of

the vehicle is depicted in Figure 6.6.
SYSTEM MODULE

FIGURE 6.5 - RPY and Power Cable Burial Plow Scenario

16000 ¢ .
15000 +
14000 1
Power Required
(Watts)

13000 ¢

12000 ¢

11000 ¢

10000 ¢ + + + + + ; y
14000 15000 16000 17000 18000 19000 20000 21000 22000
Total Yehicle Mass (kq)

FIGURE 6.6 - Power vs. Mass for Rotational-Tracked Vehicles
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The power estimate can be represented by Equation 6.1 using a best fit curve of
data from the LIL-TLEV.

Pepy = 1099.0 + 0.6546 * M, 6.1
where Pg, is the power estimate (Watts) and

Mepy i the total mass of the powerplant (kg).

The total mass of the powerplant can be calculated using Equation 6.2.

r‘IRPV = ”reactor * Hmodule * Mrcnt.-traek 6.2
The mass of the rotational tracks is approximately 4228 kg’. The mass of the
reactor is aproximately 100,000 kg®. The mass of the System Modules is

approximatly 14,500 kg. Therefore, the power required for the RPV is
approximately 80 kWatts.

6.5.2 REMOTE MANIPULATOR SYSTEM
The RMS will be a remote arm menipulator system which will be used for

several tasks. The RMS will be similar to the LED Space Station's RMS, thus

details will be left for future studies.

The RMS will be used for the initial deployment of the base. The RMS will travel
along tracks installed on each of the modules and it will perform some tasks

such as relocating the deployment lever arms.

The RMS will also be used to relocate vehicles such as the FV and MLY; ie from
surface to hangar. An RMS will also be installed on a MLV and it will be capable
of moving and replacing the track system. The RMS will also be capable of

performing some general maintenance requirements to the base and mining
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pperation.

6.5.3 MAGNETIC LEVITATION VEHICLE

The MLV uses the basic concept of supporting and guiding the vehicle above a
track by means of magnetic forces. Although numerous inventions have been
devised to harmess magnetic forces to provide stable vertical suspension, it
has only been & few years with the advances in superconducting technologies
that any real promise of success has been capable. Since this technology is
still relatively new, little progress was found for a system which could be

used for the Phobos base.

The main objective of the track and vehicle design is to provide guidance as
well as levitation and propulsion. The design must include problems such as
reduction of magnetic drag, route switching, ensuring freedom from
accumulating debris, and heat transfer for the super conducting coils. Since the
design is beyond the scope of this project, the design will be limited to a
conceptual design in hopes of a future study to fill in details. Power and mass

estimates were taken from Reference 3 using simple energy and mass formulas.

6.5.3.1 Design of the Tracks

The Phobos Track System will include a series of Linear Synchronous Motors
(LSM) which will provide electrodynamic levitation and propulsion. The vehicle
will have a powered or permanent stator magnet and reaction will come from
the tracks. A Traffic Control Computer will monitor the activities of each MLV
ond with a series of switches will induce motion to the vehicles by

orchestrating the LSM on the tracks.
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All tracks will have a Connecting Track (CT) which will allow small angular
alignments betweeen LSM tracks. The CT will be small in length compare to the
LSM tracks such that the momentum of the vehicles will carry them across the
CT. Each track will have a Small Scale Anchor System (SSAS) comparable to the
base anchor system (Section 4.0). The SSAS will provide reaction for the MLV's

and mining equipment.

Electrical power will come from the powerplant and base through a power
cable. The power cable will have an inter-connecting devise to allow easy

connections between tracks. Figure 6.7 depicts the conceptual design of a track.

STIFFNERS

LINEAR SYNCHRONOUS
MOTOR TRACK
POWER
LOAD CABLE

ABSORBERS

#-%=>., SMALL SCALE

‘_;«f'" ANCHOR SYSTEM

FLEXIBLE (STORES UPRIGHT)

CONNECTOR
TRACKS

FIGURE 6.7 - Phobos Base Track Design
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6.5.3.2 Design of the Magnetic Levitated Vehicle

The MLY will be a generic carrier for the mining operation. The regolith carts
and RMS will be mounted to the MLV. The MLV will have the necessary
equipment (ie. batteries, connectors) to provide the mining equipment with
electrical power. A vehicle power cable will be connected to the main power
cable when stationary to recharge the vehicle power source. For reaction from
the LSM, the MLV will have permanent magnets or battery excited
electro-magnets. The main power cable will recharge the magnets or batteries

when the vehicle is stationary. The MLV will be able to accelerate or decelerate
using the LSM.

The vehicle will have a suspension system which will absorb any
discontinuities due to surface irregularities on the tracks. The suspension
system will also have mechanical wheel restraints. The wheels will provide
reaction for large perturbations or emergency mechanical braking. Figure 6.8 is
a sketch of the MLV.

VEHICLE GENERIC VEHICLE MOUNT POWER
ELECTRO- CABLE
MAGNET

LINEAR

SYNCHRONOUS

MOTORS -

TRACK O OO e OOORTR £

DRIVERS e

WHEEL RESTRAINTS TRACK FRAME

FIGURE 6.8 - Magnetic Levitated Vehicle
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6.5.3.3 Power and Mass Estimates for the Track and Vehicle

Reference 2 was used to determine the mass of the track system. Using the
data from the Erlangen test facility, the mass of the magnets yere calculated
as functions of thrust and lift. Because of the lack of data for a low speed,
large mass driver, it was assumed that there was a linear relationship between

the mass of the magnets and force the mass produces. Table 6.1 shows the
results of the Erlangen test.

TABLE 6.1 - Erlangen test results
Total Mass / Rated Thrust 18kg/ 22N
Total Mass / Rated Lif t Force 540 kg / 60 kN

The main vehicle which will have to be shuttled back and forth on the tracks
the most often is the regolith cart. The vehicle mass will be approximately
1875 kg (according to regolith load). Therefore, the lifting force requirement is
18.4 N. The vehicle will only be lifted approximately 5 mn? above the tracks.

The available lifting force reduces exponentially as the distance is increased.

The track system will be set up so each regolith cart will travel approximately
2.5 km for one cycle (approximately 3600 s). The LSM will apply an impulse
thrust to eccelerate the MLY and the thrust requirement will be calculated
using AV analysis. The impulse duration is approximately 70 seconds with a
thrust of 18.75 N. This will accelerate (0.01 m/s?) the vehicle to 8 speed of 0.7
m/s. The vehicle will concievably coast at a constant velocity the majority of

the distance while the lifting force will be continuous and small compared to
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the thrust.

The energy {using kinetic and potential energy over the time durations) to
complete the cycle required @ power consumption of 13 Watts (with a
conservative efficiency of 0.5). The pov';fer is relatively small compared to
other power figures because of the low lift and velocity requirements. The
majority of the efficiency loss will be to sensible heat. The total mass of the
track system is approximately 13000 kg with 5 magnets for each track length
(15 m).

6.5.4 FLYING VEHICLE

For a preliminary results for the F¥, the proposed lunar flying vehicle! for the
LIL-TLEY was considered. The vehicle was a two man exploratory vehicle
capable of 4 hour duration with a range of 48 km and a maximum speed of 27
m/s This vehicle should be studied further because the environment on Phobos
is 200 times smaller {(gravity) than on the Moon. FY mass and power estimates
were 12000 kg and 3.4 kWatts.

6.6 SURFACE LOCOMOTION STRENGTHS AND WEAKNESSES

The main strength of the surface locomotion design effort for the Phobos base
is the NASA/University design program to present new innovative ideas for
manned space programs. The design effort utilizes some current technology and

advanced technologies which must be developed:

The FY and RMS vehicles are well developed concepts which currently have

many available sources for a Phobos design vehicle.
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The RPV is a relatively old design, but the Phobos environment will challenge
any engineer for a successful milli-g vehicle. The greatest advantage of this
vehicle is its versatility to large loads. The tracks can be easily modified to

give enough traction horsepower for any type of payload.

The MLY is an old design concept, but it will require the new technology of
superconductors to make the MLV an efficient vehicle. The greatest strength of
this vehicle is that the milli-g environment will be an advantage rather than a
disadvantage as for the RPY. The weskness of this type of vehicle design is
that there is relatively few sources available on this subject. There is
considerable concentration on mass drivers for high acceleration and low mass,
but the MLV will require low acceleration and large mass. it is recommended
that this type of propulsion be studied further by developing a math model of
the track system.
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7.0 RECOMMENDATIONS

The main strength of the design effort presented in this report is the wide
range of problems which have been defined for a single mission -- to
industrialize Phobos. Section 2.0 clearly stated the enormous wealth of raw
materials available on Phobos and the currently known processes which can
extract that wealth. Section 3.0 revealed the excellent logistics capability of
Phobos compared to that of the Earth, Earth’s Moon and Mars. Section 4.0
through 6.0 demonstrated a milli-g, high vacuum, high radiation environment
may be tamed for industrial purposes using simplistic ideas based on current
technology. Problems requiring technology development encountered during
Phobos base analysis are well defined: |

1) mechanical friction due to high vacuum;

2) lack of effective heat dissipation due to high vacuum;

3) lack of fully autonomous space operations due to the infancy of Al

technology; and

4) affects of the excessive radiation exposure.
All these problems are currently being researched and the technology is
expected to be available for use on a Phobos base. Several additional problems
introduced in this report should be examined and defined completely. The
following paragraphs suggest projects which are essential for determining the

feasibility of an industrial base on Phobos.
From Section 2.0:
Precursory Mission to Phobos (Astronautical Engineering) -- A precursory probe

mission to Phobos should be designed to confirm or deny the properties of
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Phobos which are critical to the basis of the industrial base concept.

Market Survey (Material Science) -- The composition of Phobos has been
defined (through an assumption), but the demand for the materials Phobos is
capable of delivering have not been defined. A market survey should be
conducted to evaluate the demand for Phobos materials beyond the year 2000.

Possible supply sites should include Earth, Earth's Moon, LEOSS, Mars surface,
asteroid belt and several outer planets.

Storage Cells (Civil Engineering) -- A means to store the materials produce by
the Phobos processing plant should be determined. Storage for cryogenics,
water, stable metais, and other producible goods should all been examined. -

Processing waste management should aiso be reviewed.

Material Processing Cycles (Chemical Engineering) -- a continuation of the

work presented in Section 2.3.

From Section 3.0;
Phobos mass model (Aero/Astronautical Engineering) -- An accurate mass
model that includes the asymmetrical mass distribution of Phobos could be

derived generated.

A complete proximity operations study (Aero/Astronsutical Engineering) -- A
total acceleration gradient field could be generated using C-W equations
modified to accommodate the gravity of Phobos.

Docking procedures (Aero/Astronautical Engineering) -- Complete rendezvous
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scenarios with delta Vs and trajectory analysis from possible starting points

could be derived.

From Section 4.0:

Application Module Mounting System (Mechanical Engineering) -- Re-evaluate

the current application module mounting system discussed in Section 4.3.2.

Anchor System (Civil Engineering) -- Re-evaluation of the current base anchor
design and determination of the feasibility of such a design for use as an
anchor for system modules, mining vehicle tracks and mining stations. The
anchor design should fulfill all the requirements listed in Section 4.3.3 and

insure the lateral stability of the anchored structures.

Deployment System (Mechanical Engineering) -- Re-evaluate the current

deployment system design discussed in Section 4.3.4 and 4.4.

Base Structural integrity {(Aero/Astronautical Engineering) -- Design of a truss
structure for the system module which will provide enough stiffness in the full
tower configuration to withstand on-orbit accelerations. An acceleration limit

for the base should be determined.

Manned Interfaces (Mechanical Engineering) -- Definition of the manned
interfaces for a primarily manned and primarily unmanned Phobos base. All
manned capability modules must have access to each other. Special pressurized
maintenance areas for processing and mining maintenance should also be

investigated.
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From Section 5.0:

Coating Technigues and Lubricants for a High Vacuum Environment (Chemical
Engineering) -- lubricants should offer efficient heat dissipation. Coatings

should reduce friction bétween regolith and scoop .

Scooping Chain Mechanisms, Loading/0ffloading Mechanisms, and Module/Track
Interface (Mechanical Engineering) -- the scoop chain mechanism should have a
minimum of moving parts, which could eventually clog with regolith. The size
of the scoop should be set according to the production requirements previously
defined and assuming the digging will take place very slowly. The loading and
off-loading of the carts has to take place slowly to prevent the regolith from
floating around. The system module for mining should contain all driving and

control systems under the assumption that power will be delivered through the

tracks.

Operations Strategies and Flow (Systems, Electrical Engineering ) -- the
motion of the carts, mining modules and other track vehicles should maximize
the efficiency of the operation. Artificial intelligence will have to be

developed in order to make the operations completely autonomous.

From Section 6.0:

Remote Placement Vehicle (Mechanice! Engineering) -- Design of a large mass,
slow moving, remotely piloted rotational tracked vehicle to be mounted to the

system module of the primary powerplant.
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Magnetic Levitated Vehicle (Electrical/Mechanical Engineering) -- Design of
magnetic propulsion vehicles for large mass and slow moving payloads in a

milli-g environment.
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0.0 PROJECT MANAGEMENT

Table 8.1 shows the cost breakdowns for the project. Hours were reported
weekly. The project was over-budget by almost $20,000.00. Material costs
were not so severe. Man-hour projections from the proposal were too low.
This is the reason for the overrun. The bulk of personnel time was spent on
report preparation and dwarfed technical time by a factor of ten.
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TABLE 8.1 - IGS Project Budget

Name - Yeek 2 YWeek 3 Week 4 Week 5 Week &

Mis<sion Branch

Linda Slifer 6 85 25 105 11
Jaime Chunda 6.5 2 S 6 33
Michele Stillman 45 4 g9 13 9
Norman Fenlason 9 9 9 12 9

Total: 26 2335 255 415 345

Base Branch

David Soto 3 3 3 8 b
Marcelo Gonzales 14 S 6 11 11
Robert Bailey 65 g8 S 24 6
Total: 235 H) 14 43 22
Name : Week 7 Week 8 Week 9 ‘Week 10 Week 11
Mission Branch
Linda Slifer 25 55 345 S 20
Jaime Chunda 15 25 11 13 9
Michele Stillman 21 K 20 20 8
Morman Fenlason 6 (=) g 12 14
Total: 67 17 735 50 51
Base Branch
David Soto 9 3 28
Marcelo Gonzales i5 4 19
Robert Bailey 6 3 30
Total: 30 10 77 Qg 0
Name : week 12 Week 13
Mission Branch
Linda Slifer 24 23
Jaime Chunda 4 12
Michele Stiliman S S
Norman Fenlason 10 12

1o




TABLE 8.1 - IGS Project Budget

Total: 43 58
Base Branch
David Soto 9 14
Marcelo Gonzales 15 12
Robert Bailey 6 25
Total: 30 St

Equipment and Supply Costs:

Rental of Small Computer Systems:
Mainframe Computer (Dual Cybers) Time Costs:
Computer Supplies :

Copying Costs:
Transparencies :
Budget
Proposed Actual Ov
Personnel Costs $27764.00 $48717.00
Equipment Costs $4719.00 $4988 .02
Total Cost $32483 .00 $53705.02




Total Hours
385

25

395

48

22
47
495

Total Hours
S0

o505

7z

46

40
38
39

Total Hours
49
16
14
22

Hourly Rate
$22.00
$15.00
$15.00
$25.00

$22.00
$15.00
$22.00

Mission:
Base:

Hourly Rate
$22.00
$15.00
$15.00
$25.00

$220
$150
$22.0

Mission:
Base:

Hourly Rate
$22.00
$15.00
$15.00
$25.00

TABLE 8.1 - IGS Project Budget

Personnel Costs

$847.00
$375.00
$592.50
$1200.00
$3014 50

$484 00
$705.00
$1089.00
$2278.00

$5292.50
$10585.00
$15877.50

Personnel Costs

$1980.00

$757.50
$1080.00
$1150.00
$4967.50

$880.0
$570.0
$858.0
$2308.0

$72755
$14551.0
$218265

Personnel Costs

$1078.00
$240.00
$210.00
$550.00
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TABLE 8.
$2078.00
22 $22.00 $506.00
27 $15.00 $405.00
31 $22.00 $682.00
$1593.00

Mission: $3671.00
Base: $7342.00
$11013.00

Total Personel Costs = $48717.00

$4290.00
$24 69
$1333

Total Computer Cost=  $432802

$460.00
$200.00

Total Printing Cost = $660.00

$4988 .0

er /Under Budget

$20953.00
$269.02

$21222.02 Over Budget

1 - IGS Project Budget
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ESCAPE VELOCITY

An equivalent mass was computed from the computer-program-generated
acceleration at the surface on the plus-X-axis.

Phobos equivalent mass backed out from computed acceleration at surface on
+X-axis:

Three body solution:

F - G HISMZF
r
G MiM2
Fx= r3 rx

r=r.on X-axis




a = 0.00358661 m/sec?
r=13500m

v

eso-3 body = 9.8407 m/sec

Two-body solution:
6=6.672% 107" m3/kg sec?
M= 9.8x 10" kg

Vm_,‘,m =9.8421 m/sec
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TOTAL MASS OF LIQUID HYDROGEN AND LIQUID OXYGEN FUEL THAT
PHOBOS CAN PRODUCE

H, that can be produced = 675 250.00 kg

0, that can be produced = S 412 950.00 kg

mass Oxygen(mg,)/mass Hydrogen(m,,) = 7

H, is limiting factor:
Mgy ={(Nmy,)
= (7675 250.00)
= 4726 750.00 kg
MASS = mg, + my, = 5402 750 kg (Total mass of fuel per year)

MASS = 5402 mt

* from Ref. 3.4




PROJECTED MISSION FUEL USAGE PER YEAR

FROM PHOBOS:
1 TRIP(S) TO MOON 4.47 % 10° kg
6 TRIP(S) TO MARS SURFACE 552 X 10° kg
12 TRIP(S) TO LMOSS 10.44 % 10° kg
1 TRIP(S) TO SATURN 1.11 X 10%kg

2154 X 106 kg = 2154 mt




SUPPLY DELTA V CALCULATIONS

The Space Shuttle carries about 30 000 ft/sec delta V, so this is an
approximation of how much delta V it tekes to over come the Earth's gravity
well” The delta v to overcome the gravity wells of other bodies was
celculoted using a delta V to mass ratio equal to that of the Earth. This may
not be accurate due to atmospheric drag or lack of drag, but it should be of the
correct order of magnitude.

30 000 ft/sec = 9.1442 km/sec

R = (9.1442 km/sec)/(3.986 x 10°) kg) = 2.2941 x 105

&¥pody = (mass of body)(R)

BODY AY (km/sec)
Eerth 9.1442
Mars 0.9876
Moon 0.1247

SUPPLY &Y = AV, \ + AV, 5

*pr. Fowler, Professor of Aerospace, University of Texas at Austin
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STICKNEY CRATER DAYTIME SOLAR EXPOSURE ESTIMATE

The time that Stickney crater is exposed to solar radiation must be estimeted
to determine the annual radiation doses for the Phobos base crew and the
amount of regolith necessary to supply the rediation protection. The small
eccentricity (0.015) and inclination (1.02°) of the Phobos orbit about Mars were
neglected for the daytime calculations; because of this simplification, the
Phobos/Mars geometry can be considered as constant as it rotates about the
sun. The sun {s assumed to be at an infinite distance -- solar rays are parallel.
Figure A.1 shows the three views of Phobos's orbit about Mars when the line of
nodes of the Phobos orbit (referenced to the ecliptic) is perpendicular to the
line of sight vector to the sun.

MARS b
v

MAXIMUM MARS

MARS
EQUATORIAL
PLANE

ECLIPTIC PLANE

PHOBOS

" SOLAR RADIATION
INTO PAGE

SOLAR RADIATION

SOLAR
RADIATION

FIGURE A.1 - Sun / Mars / Phobos Gesmetry for Sunlight Calculations
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As Mars revolves about the sun, the line of nodes of the Phobos orbit will
rotate in the ecliptic plane and eventuaily lie directly on the sun line of sight
vector (assuming Mars inclination to the ecliptic is zero). Figure A.2 shows the
Phobos orientation, looking from the sun, when Mers has traversed
approximately 70° relative the orientation in Figure A.1.

70* <B<90° 4 ORBIT

FIGURE A.2 - Shading Geometry Projected Perpendicular to Sun Line of Sight




The calculations for solar exposure for Phobos are outlined in the following
slgorithm.

DARK - TOTAL PHASE ANGLE OF THE PHOBOS ORBIT THROUGH WHICH STICKNEY IS IN DARKNESS
B - ANGLE BETWEEN SUN LINE OF SIGHT AND PHOBOS LINE OF NODES VECTORS

INITB - B WHEN THE MARS SURFACE INITIALLY SHADES STICKNEY CRATER

COSB - COSINE OF 8

d - HALF THE LINEARIZED DISTANCE BETWEEN INTERSECTIONS OF THE PHOBOS ORBIT
PROJECTION WITH THE MARS SURFACE FOR 8> INITS

Q - PORTION OF DARK WHEN MARS SHADES STICKNEY

Rm - RADIUS OF MARS

n - MEAN MOTION OF MARS ABOUT THE SUN

Rph - RADIUS OF PHOBOS ORBIT ABOUT MARS

calculate  and add (2/day for 68.76° <3 < 90.0°

0=0.0

for days=0 , while 8 <90.0
B=6876 +n*days
r= RDh * cos( B )

d=Rpy*cos( (r/Rp)*(1/20))
Q=0+ 2.0*arctan( d/Rph )
continue

calculate dark /year for Stickney shaded by Phobos and by Mars
DARK=Q*4 + 180.0* 365.0

calculate the percentage of sunlight per year for Stickney
LIGHT = (360.0 * 365.0 - DARK) / 360.0 * 365.0

From this procedure, the percentage of Stickney deytime per year is estimated
to be 42.5%.
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ANCHOR SYSTEM POWER AND DEPTH ANALYSIS

POWER REQUIREMENTS:
The power required to rotate the drill described in Section 4.3.3 was based on
the simple relation:

P = wT
where: P = power

w =rate of rotation

= applied torque to drill shaft

T was calculated based on the desired downforce of the anchor as it drilled
through the regolith. Figure A-3 defines the variables used in the anchor
system analysis.

rI
rs

_f

yFrros(s)

k2

FRICTIONAL FORCE
DUE TO DOWNFORCE

FIGURE A-3 - Anchor System Variable Definitions

A-G



Integrate the frictional force due to desired downforce around the surface of

the anchor blades:

T- J' J&_COS(B)FUFM*HJ J']%[COS(B)I"GFGE

\———y—-'llull.l' ‘.AR-"‘.

_FRICTION FORCE » . .
L ARGE DIAMETER BLADE SMALL DIAMETER BL ADE
29
- pFrcos(B)f,3_ .3 3_.3 ]
= N - + -

[u FrgfLsng(r 3. e3 an(rsd- 3))]

The distributed normal force, fr, is still unknown. Calculated desired

downforce in terms of Fr:

2% Iy

o= [

- 27fFr [(ﬁ_ - E}s)+n(rs
2

29 Iy
F"'drdla'fnj J F""druxar

=

Arr 2 2 2
n [rl. +nrg -(n"‘)E)S]
rearranging:

=12 (- )

rL + nrs -(n+ 1)53
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For small B =>cos(S) =1 (S5< 10°),

where B = tan™'( p, /271rye).

where: P = power
T = applied torque to drill shaft
FD = total downforcedue to T

Fr =linear distributed downforce along blade radius
pg = radius of drill shaft

ry = radius of small diameter blade

r, = radius of large diameter blade

n = number of small blades

B = coefficient of friction

5 = blade pitch angle

P, = verticel distance between blades

The following were constants in the anchor power calculations:

Mpg = 2°

re =6

w =30 rpm
n =6
Dh:2.2"

At first the desired downforce was held constant at 100 1bf and the large
dismeter blade radius was varied. Table A-1 lists the results of the equations
above.
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TABLE A-1 - Torque and Power Requirements for Constant Downforce

BLADE DIAMETER (IN) REQUIRED TORQUE (FT-LBF) REQUIRED POWER (WATTS)

2 10303 38414345
4 2478 923763
6 1061 395763
8 588 219165
10 382 142383
12 277 103432
14 218 81355
16 161 67664
18 157 58498
20 139 51949
22 126 47008
24 116 43113
26 107 39933
28 100 37266
30 94 34980

Choose T as 100 ft-1bf; therefore, r, = 28" Solve equations for P:

P = 37285 Watts.

DEPTH REQUIREMENTS:
Calculate weight of regolith directly above large diameter blade:
W =mg

= pvg
= p(215(r, 2 - rpDh)g

W = 21pgh(r, 2 - r.2)

where: m = mass
g = acceleration of gravity
p =regolith density




V= volume of regolith above large diameter blade
h = depth of large blade beneath regolith surface

Calculate vertical shear on “walls™ of cylindrical mass of regolith:

S = O’(A)
= 0'(21"1")
S = 211th0

where: S = shear force
o = cohesive strength of regolith
A = surface area of “cylinder”

Total anchor capacity is W + S:
F,=W+S
F, = 27h(pg(r, 2 - rys2) + 1, 0)

The total anchor force, Fa, has & linear relationship with the anchor depth.
Applying the following constants:

g =0.004m/s

& =0.1 N/em?

p =2 g/t.:m3

Mpg = 2"

n = 28

h =201t
yields:

W =251 1bf

S =13771bf

F. = 1628 1bf.

3
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BASE MASS ESTIMATES

Each face of a system module possesses 112 - 6 foot elements and 76 - 8.5
foot elements. Each system module has 8 faces => 896 - 6 foot elements and
608 - 8.5 foot elements or 10535 feet of truss elements per system module.
Assuming each element has a radius of 1 inch, then the volume of all the truss
elements in 8 SM is 230 ft>. Assuming the truss material is a graphite/epoxy
composite with a density of 0.07 1bm/in3 the mass of the truss elements is
27,800 1bm or 12610 kg. Adding 15% for joint mass =» Each system module has
a mass of 14,500 kg. With an average of 100,000 kg payload per module (as
presented in Section 4.4.8), the total average mass of a system module is

114,500 kg; and the mass of the entire base becomes 801,500 kg or 883.5 tons.
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REGOLITH DEPTH ESTIMATE FOR RADIATION PROTECTION

From reference 4.5, the method to calculate the thickness of a material to

supply total protection from radiation sources is detailed below.

Yariables:
T - material thickness
D - meterial density, g/cm®

E - particle energy level in MeVY

Calculstions:
A=556.0%1In{ 1.0 +548%1076 * g!8)

B=10- 1667 * ¢ 1386 *+D
T=A*B/D

From these calculations, using D = 1.5 g/cm® for Phobos regolith, energy levels
of E = 10° Mev and E = 102 total shielding regolith depths of approximately 2.3

meters and 171.6 meters respectively.
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PATCHED CONIC DELTA V PROGRAM WITH FUEL USAGE COMPUTATIONS

This program called Condy was used to compute delta Vs and fuel requirements
for interplanetary missions. It used a patched conic analysis to compute the

delta V required for the mission, and it used an Isp algorithm to compute the

mass of fuel required for the mission.

For the patched conic transfer computations and the fuel mass computations

all the input parameters are in metric. Kilometers are used instead of meters.

L]

The output values following the program are listed in metric units unless

otherwise specified.

A-16




(el NN NNl NN e NN el o N NN e Ny R e R e N N Ra Ra N o Ra o N RaNa N Na Na )

(g R o)

PROGRAM CONDV U(INPUTOUTPUTs TAPE S=INPUT,TAPE &=0UTPUT)

THIS PROGRAM WILL CALCULATE YHE DELTA VS USING A CONIC SECTION
SUBROUTINC.

PARAMETER DEFINITIONS:
MU - GRAVITATIONAL PARAMETER (XM3/SEC2)
RS - RADIUS FROM THE SUN (KNM)
VP - VELDCITY OF PLANETY (KM/SEC)
RPERI - RADIUS OF ORBIT AROUND PLANTE (KM)
VCIRC - VELOCITY OF ORBIT AT RPERI (KM/SEC)

INPUT PARARETERS
R1 = RADIUS OF PLANET 1 FROM SUN (kM)
R2 = RADIUS OF PLANET 2 FROM SUN (kM)
MUl - GRAVITATIONAL PARARETER OF PLANET 1 (KM3/SEC2)
MU2 - GRAVITATIONAL PARAMETER OF PLANET 2 (KM3/SEC2)
RPERI1 -~ INITIAL RADIUS AROUND PLANET 1 ¢(KM)
RPER12 - FINAL RADIUS AROUND PLANER 2 (KM)
MPAYLD - MASS OF PAYLOAD/STRUCTURE (KXG)

ABBREVIATIONS
£ - LEO SPACC STATION
- MARS
- JUPITER
- SATURN
- PHO30S
LUNAK BASE
- LMO SPACL STATION
- URANUS
- NEPTUNE
Uli - SUN

neCErFYMNLR
'

REAL MUL,MU2 ¢MUE s MUM oMUJ g MUS s MUP g MUL ¢ MUA
REAL MPAYLD sMFUEL ¢MTOT,ISPyMUU¢MUN

CALCULATE DELTA V FROM PHOBOS TO LEOSS
CALL PHUBOS £R14MUIRPLRI1)
CALL LEOZS (R29MUZ oRPERI2)
CALL CONIC (R19R29MU19MUZ4RPERIL1JRPERI24DVIOT)
MPAYLD=2830000
CALL FUEL C(DVTOT¢MPAYLDeMFUEL)
SMRITE(6910) DVTOTeMFUEL
FORNMAT (*1°¢°PHOBOS TO LEOSS®*9T209E12669° KM/SEC®,
T409E12.69* KG*)

CALCULATE DELTA ¥V FROM PHOBOS TO LUNAR BASE
CALL LUNAR (R24MU2¢RPERI2)
CALL CONIC ¢R14R29MUl19MU29RPERI1¢RPERI24DVTOT)
CALL FUEL <DVTOTMPAYLD MFUEL)
URITEC6420) DYTOTeMFUEL
FORMAT (*PHOBOS TO MOON®sT205E12.65® KM/SEC?,
TA0,E12.£9* KG*)

CALCULATE DELTA v FROM PHOBOS TO JUPITER
CALL JUPITER (R24MU24RPERI2)
CALL CONIC CR19RZyPULloMU29RPIRI1ISRPERIZZDVTOT)
HMPAYLD=1C00
CALL FUEL <¢DVTOToMPAYLDJMFUEL)
WRITE €6430) DVTOT4MFULL

FORMAT (’PHQBOS TO JUPITER®9T209E12.69°% KM/SEC?Y, Aa-16- |
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= T409F12.69* KG*)

CALCULATE DELYA V FROM PHOBOS TO SATURN
CALL SATURN (R24RMU24RPERI2)
CALL CONIC (R1sRZesMUl19MU24RPERI1SRPERI2DVTOT)
CALL FUEL CDVTOToMPAYLD,NFUEL)
HRITE €(6940) ODVTOT sMFUEL
FORMAT (*PHOBOS TO SATURN®9T20sE12.69% KM/SEC®,
* T40efl2.68% KG*)

CALCULATE THE DELTA V FROM PHOBDS TO URANUS
CALL URANUS C(R24MU24RPERIZ)
CALL CONIC €R1sR24MUL3MU24RPLRI14RPERI2,DVTOT)
CALL FUEL (DVTOTMPAYLDoMFUEL)
MRITE (691702 DVTOTeMFUEL
FORNBAT (*PHOBOS TO URANUS®*eT209E12.69% KM/SEC?,
« T409512.€9% KG?)

CALCULATE THE DELTA ¥ FROM PHOBOS TO NEPTUNE
CALL NEPTUNE €CR2¢4MUZ2SRPERI2)
CALL CONIC tK14R2eMUlsMU2Z2sRPERIL1SRPERI24DVIOT)
CALL FULL (DVTOTMPAYLO 4MFUEL)
WRITLC €65180) DVTOTSMFUEL
FORMAT (*PHOEOS TO NEPTUNE®9T209sE12.69% KM/SEC®,
s TAQe[12ec9® KG*)

CALCULATE OELTA ¥V FROM MAR:- 70 LEOSS

CALL KARS (R1sMU1l4+RPCRI1)

CALL LEGSS (R2sMUZ4RFERIZ)

CALL CONIC €R19R2¢MUI¢MUZ yRPCRI1¢RPERI2DVTYOT)

MPAYLD=270000

CALL FUCL (DVTOT.MPAYLDsMFUEL)

MRITC (6550) DVTOTHMFULL

FORMAT (*RARS TO LEOSS °*»T20+E12.65® KM/SEC?,
* TA04E12469" KE®)

CALCULATE DELTA V FROM MARS TO THZ MOON
CALL LUNAR (R24MU2+RPERI2)
CALL CORIC (R19R2pMU1l¢MUZ24RPERIL14RPERI24DVTOT)
CALL FUEL CDVTOT4MPAYLD,MFUEL)
MRITL (698GC) DVICTMFUEL
FORMAT (*MARS TO TH: MOON *4T20,F12.69° KM/SEC?,
* TA09E12.69?* KGT)

CALCULATE DELTA V FROM MARS YO JUPITER
CALL JUPITER (R29MU2:RPERI2)
CALL CONIC (R1sR2eMULloMU2sRPERI1SRPERI24DVTOT)
MPAYLD=1E00
CALL FUEL (COVIOT,MPAYLDeNMFUEL)
HRITE €6360) OVIOTSMFUEL
FORMAT (*RARS TO JUPITER ®9T209sE12.6¢4% KM/SEC?,
* T40sF12.64° K6G®)

CALCULATE DELTA ¥V FROM MARS TO SATURN
CALL SATURN (R2oMU24RPERI2)
CALL CONIC C(R19R29MUL yMUZJRPERI1+RPERI24DVTIOT)
CALL FUEL <CDVTIOT+MPAYLD,RMFUELL)
MRITLC €6470) DVTOTSMFUEL
FORMAT (®*MARS TO SATURN *,T204E12.6¢% KM/SEC®,
® TJADeEl2.69" XG*)

CALCULATE DELTA ¥V FROK MARS TO URANUS
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CALL URANUS 4R23MU2¢RPERI2)

CALL CONIC €R1sR29MUl9MU24RPERILSRPERIZHDVTOT)
CaLL FUtL (DVIOTsMPAYLD,MFUEL)

MRITE €64190) DVYTOTWMFUEL

FORMAT (®HMARS TO URANUS*,T205E12.69° KM/SEC*,
T409512.69" KG®)

CALCULATE DELTA V FRCM MARS TO NEPTUNE
CALL NEPTUNE (R24MU24RPERI2)
CALL CONIC (R13R2sMUl19MU24RPERI1oRPERI2LDVIOT)
CALL FUCL <DVTOTMPAYLD MFUEL)
WRITE €(65200) OVIOTMFUEL
FORMAT (°MARS TO NEPTUNE®9T209E12.69% KM/SEC®,

& T&0ef12.69% KG*)

CALCULATE DELTA V FROM THE MOON TO LNMOSS
CALL LUNAR (R14MULWRFPERI1)
CALL LMOSS (R24MU2RPERI2?)
CALL CONIC (R1sR2sMUl9MU2,RPZRI1+RPERI29DVIOT)
MPAYLD=220000
CALL FULL (DVTOToMPAYLD,MFUEL)
WRITC (6490) DVTOT¢MFULL
FORMAT (*MOON TO LMOSS *4T7209012.69% KM/SEC®,
T80e512.69* KGT)

CALCULATE GELTA V FROM THL MOOX TO MARS
CALL MARS (RZoMU29sRPELRI12)
CALL CONIC (R19R29MUleMU24RPLRI1RPERI2,DVTOT)
CALL FUCL (DVTOToMPAYLDMFUEL)
MRITI (641002 DVTOTWMFUEL
FORMAT (*MOON TO MARS *3T20,012.69* KM/SEC?Y,
T4095£12.69% KG*)

CALCULATE DELTA ¥V FROM MOON YO JUPITER
CALL JUPITER (R24MU24RPLRI2)
CALL CONIC (R1sR29MUl19MU24RPERI1sRPERI24DVTOT)
MPAYLD=1C00
CALL FUCL COVYOTMPAYLDGMFUEL)
WRITL €¢6,110) DVIOTSMFUEL

FORMAT (*MOON TO JUPITER *9T209E12.69" KM/SECY,

T409C12669° KE?)

CALCULATE DELTA V FROM MOON TO SATURN
CALL SATURN C(R2;MU2,RPERI2)
CALL CONIC (R1sR29MUleMU24RPERI1RPERI2,DVYOT)
CALL FUEL CDVTOT+MPAYLDJMFUEL)
HRITE €64120) DVTOTHMFUEL
FORMAT (*RNOON TO SATURN *¢T209F12.69° KM/SEC®,
T409E12.69° K6°)

CALCULATE DELTA V FROM MOON TO URANUS
CALL URANUS {R2yRU24RPERI2)
CALL CONIC (R19R29MUloMU2oRPLRIL14RPERI24DVTIOT)
CALL FUCL €DVTOTMPAYLOD,NFUEL)
MRITE €(6£4210) DVTOTeMFULL
FORMAT (*HMOON TO URANUS®*yT209E12.69° KM/SEC?,
T409"12.c9" KGY)

CALCULATE DELTA V FROM MOON 7O NEPTUNE
CALL NEPTUNE (R24sMU2.RPERI2)
CALL CONIC (R1,R29MUl9RUZ9RPERI14RPERI2L0VTOT)
CALL FUCL CDVTOT+MPAYLDGMFUEL)
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MRITE €64220) DVTOTSMFULL
220 FORMAT (*MOON TO NEPTUNE®9T209E12.6+% KM/SEC®,
s TA0sf12.69° XG*)
C
C CALCULATE CELTA ¥V FROM MOON TO PHOBOS
CALL PHOBOSEIR29MU24RPERIZ)
CALL CONIC €R19R2¢MULsMU24RPCRI1SRPERI29DVTOT)
MPAYLD=2C0000
CALL FUCL COVTOTyMPAYLDMFUEL)
HRITE €6,320) DVVOT+MFUEL
320 FORMAT C*AOON TO PHOBOS*®*9T20»E12.65" KM/SEC®,
e TA09E126.69°% KG*)

[ CALCULATE DELYTA ¥ FROM LNMOSS TO JUPITER
CALL LMOSS €R1oMULlJRPERI1)
CALL JUPITER CR24MU24RPERI2)
CALL CONIC €R1sR29MUL1oMU24RPERI1«RPER1I24DVTOT)
MPAYLD=1000
CALL FUEL ¢DYTOT oMPAYLDymFUEL)
HRITC (69130) DVTOTSMFULL
130 FORMAT (sLMOSS TO JUPITER ®9T209E12464® KM/SEC®,
* T4 0e512a69" KG?)

C CALCULATE DELTYA V FROM LMOZS TG SATURN
CALL SATURN (R2sMU2,RPLRIZ)
CALL CON1C (Rl.Rc,HUlgHU?'RPERIIQRPERIZtDVTOT)
CALL FULL CDVTOToMPAYLDeMFUEL)
BRITL €65140) DVTOT,MFULCL
140 FORMAT (*LMOSS TO SATURN "9T209E12.69° KM/SEC®,
s T404712e29"® KG*)

C CALCULATE DELTA V FROM LFOSS TO URANUS
CALL URANUSC(R2sMU2RPERICZ)
CALL CONIC (R1sRZsMUI9MUZSRPIRI14RPLCRI24DVTOT)
CALL FUCL CDVTYOT+MPAYLD,MFUEL)
MRITL (69230) DVTOTSMFULL
230 FORMAT (*LMOSS TO URANUS ®9T20+¢512.64° KHISEC'
*» T&09:12e59" KEY)

C CALCULATE DELTA V FROM LMOSS T3 NEPTUNC
CALL NEPTUNE €RZsMUZ4RPLRI1Z2)
CALL CONIC (R13R2¢MUl1¢MU24RPERI1RPERI2,0VTOT)
CALL FUEL (DVTOT MPAYLD,MFUEL)
URITL €64240) DVTOTLMFULL
240 FORMAT (*LMOSS TO NEPTUNE ®9T209¢E12.69° KM/SEC®,
® JTA405012469% KG*®)

c CALCULATE DELTA V FROM LMOSS TO LEOSS
CALL LEOGSS (R2eBU2+RPERI2)
CALL CONIC CR14R2e MUl oRU29oRPERI1WRPERIZHDOVTOT)
MPAYLD=280000
CALL FUEL COVTOTMPAYLDoNFUEL)
BRITE (63250) DVTIOT4MFUEL
250 FORMAT (*LMOSS TO LEOSS *4T2C9E12469" KM/SECS®,
& TJ405E12e69° KG®)

Cc CALCULATE DELTA ¥ FROM LMOSS TO RMOON
CALL LUNAR CR2sMU2,RFERI2)
CALL CONIC (R1eRZeMUl ¢MUZRPERI1oRPERIZo0VTOT)
CALL FUEL C(DVTOT+MPAYLD ,MFUEL)
MRITE €69310) DVTIOTeMFUEL

313 FORMAT C(*LMOSS TO RMOON®,T20,C12.69® KM/SEC?, A- e~
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CALCULATE DELTA V FROM LEO-S TO JUPITER

CALL LEOSS (R14MU14RPERI1)

CALL JUPITER (RZ29¢MUZ4,RFPERI2)

CALL CONIC (R14R29MUlsMU24RPERI1¢RPERI2,DVIOT)
MPAYLO=1D000

CALL FUEL CDYTOT ¢MPAYLDSEFUEL)

MRITE ¢€69150) DVTIOTGNFUEL -

FORMAT (*LEOSS TO JUPITER *3T204E12.69" KM/SEC®,
T40sE12.69% KG*)

CALCULATE DELTA ¥V FROM LEOSS TO SATURN

CALL SATURN CR29MU24RPERI2)

CALL CONIC (R14R29MU19MU24RPERI14RPERI24DVTOT)
CALL FUEL (DVTOToRPAYLD,MFUEL)

WRITE €63160) DVYTOT,MFUEL

FORMAT (°*LEOSS TO SATURN *T204E12.69°% KMN/SEC®,
T40sE12e69* KG*)

CALCULATE DELTA ¥ FROM LEOSS TG URANUS

CALL URANUS CR24MU24RPERI2)

CALL CONIC (R14RZ2sMULl9MUZoRPERI14RPERI2SDVTIOT)
CALL FUEL (DVTOT MPAYLDMFUEL)

BRIT_ 46+260) DVTOTSMFUEL ,
FORMAT (*LEOSS TO URANUS *3T204E12.69° KM/SEC®Y,
T409sl12ec9? KG*)

CALCULATE DELTA V FROM LEOSS TO NZPTUNC

CALL NEPTUNE (RZ2,MUZ2,RPCRIZ2)

CALL CONIC (R1sR2sMU19MU29RP-RI14RPER1I2,DVIOT)
CALL FUEL (DVTOT+MPAYLD MFUEL)

WRITE €6,270) OVTOT.MFUEL

FORMAT C(®LEOCS TO NEPTUNZ®3T209712.69" KM/SEC®,
TA0s£12.69* KG*)

CALCULATE DELTA V FROM LEOSS TG LMOSS

-

CALL LMOSS (R2¢MU24RPERICZ)

CALL CONIC CR1sR29MU19MUZoRPLRI1 4RPERI2HDVTOT)
MPAYLD=200000

CALL FUEL (DVTOT sMPAYLDs¥FUEL)

HRITE (6428C) DVTIOTHMFULL

FORMAT (°LLOSS TO LMOSS*yT209E12.69° KM/SEC®,
T40eL12e69°* KG®)

CALCULATE DELTA ¥V FROM LEOSS TO PHOBOS

L 4

CALL PHOBOS (R2yMU24RPERI2)

CALL CONIC CR1oR29MU19MU24RPERI1oRPERI2,DVTOT)
CALL FUEL CODVTOToMPAYLD4XFUEL)

URITE €69290) DYIOTSMFUEL

FORMAT (®LEOSS TO PHOBOS'9T209E12.64° KM/SEC®,
TA0sE12.69" K6*)

CALCULATE DELTA ¥V FROM LEOSS TO MARS

CALL MARS (RZ o MU2sRPIRI2)

CALL CONIC (R19R29MU1eMUZeRPERIL1oRPERI24DVTOT)
CALL FUEL (DVTOT,MPAYLD,MFUEL)

MRITE €64 300) DYTOTSMFUEL

FORMAT (*LEOSS TO MARS®9T204E12.64* KM/SEC®,
TA0sE12.6¢" KG?)

STCP




END

SUBROUTINE PHOBOS (RSMsMUMSRPERIP)
REAL nUM '
RSH=227.8L6
MUM=4.305EA
RPEKRIP=9:78

ReYURN

END

SUBROUTINZ MARS (RSMeMUMRPERINM)
REAL muUN
RSA=227.8té6
NUM=4,.305E4
RPERIM=338C
RETURN
£no

SUBRGUTINE LUNAR (RSEeMUE ¢RPERIL)
REAL MUL
RSE=145.5EE
MUE=3.98CL5
RPERIL=254490
RLCTURKN
END

SUBROUTINZ LMOSS (RSM¢MUMSRPERIA)
REAL NMuM
RSM=227.8L¢
NUM=4,.305C4
RPERIA=3537.C3
RZTURN
tND

SUBROUTINE LEOSS (RSEsMUE$2PERIE)
REAL MUC
RSE=149.5L6
MUE=3.98¢ES
RPERIL=6EA1
RETURN
END

SUBROUTINE JUPITER (RSJgMUJeRPERIJ)
REAL MUy
RSJ=778t6
RUJ=1.268E8
RPERIJ=T71666.32
RETURN
END

SUBROUTINE SATURN (RSS;MUSRPERIS)
REAL NUS
RSS=1426L6
RUS=3.795E7
RPERIS=61696.32
RETURN
END

SUBROUTINC URANUS (RSUeMUUSRPERIU)
REAL WU
RSU=1868L6
MUU=S.820E6
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RPERIU=23826.32
RETURN
END

SUBROUTINE NEPTUNE (RSNgMUNSRPERIN)
RECAL MUN
RSN=4494:6
MUN=6.896E6
RPERIN=22616.32
RETURN
END

SUBROUTINE CONIC CR1sR29MULoMU2sRPERI14RPERIZLOVTOT)

THIS SUBROUTINL MILL CALCULATE A PATCHED CONIC DELTAV MHEN
GIVEN THE FOLLOWING DATA:
R1 - RADIUS OF PLANE]I 1 (KM)
R2 - RADIUS OF PLANCT 2 (kM)
MUl - GRAVITATIONAL PARAMETER OF PLANET 1 (KM3/SEC2)
MU2 - GRAVITATIONAL PARANETER OF PLANET 2 (KM3/SEC2)
RPERI1 - INITIAL RADIUS ABOUT PLANET 1 (XM)
RPERI2 - FINAL RADIUS ABOUT PLANET 2 (KM)

OQUTPUT PARAMETERS
DVTOT - TOTAL DELTA V TO DO TRANSFER

OTHER PARAMETER DEFINITIONS
VP - VYZLOCITY OF PLANET
VCIRC - CIRCULAR VELOCITY ARCUND THE PLANET
VT - TRANSFEIR VELOCITY

REAL MUSUN,MUl,MU2
MUSUN=1.327E11

TRANSFER ENERGY
ENERGY=-MUSUN/(R1+R2)

FIRST TRANSFER VELOCITY
VT1=SQRT(2+(MKUSUN/R1+ENCRGY))

VELOCITY OF PLANLTY 1
VP1=SGRT(MUSUN/R1)

V INFINITY AT PLANET 1
VINF1=VT1-V¥VP1

V AT PERIAPSIS AT PLANET 2
VPERIL=SQRT(VINF1+e242+RUI/RPER]I1)

CIRCULAR VELOCITY AT PLANET 1
YCIRC1=SQRT(MU1/RPERI1)

DELTA V 1
DV1=ABSC(VYPERI1-VCIRC1)

SECOND TRANSFER VELOCITY
VI2=SQRT (22 (MUSUN/R2+ENERGY))

VELOCITY OF PLANET 2
YP2=SQRT (BUSUN/R2)

¥V INFINTIY AT PLANET 2
VINF2=VI2-¥P2

V AT PERIAPSIS AT PLANLT 2
VPERI2=SQRT(VINF2se2¢2«MU2/RPERI2)

CIRCULAR VELOCITY AT PLANET 2
VCIRC2=SQRT(MU2/RPERI2)

DELYA ¥ 2
DV2=ABS(VPERI2~VCIRCI)

TOTAL DELTA ¥ Aa-16-7




N alaNsNalalaKaNala RN o B o)

nA

OVTOT=0V1+DV2
RETURN
END

SUBROUTINE FUEL (DVTOTsMPAYLDSMFUEL)
REAL MPAYLD¢MFUEL oMTOTL ISP

PARAMETER DEFINTIONS
DVTOT — TOTAL DELTA ¥ CKM/SEC)
MPAYLD - MASS OF PAYLOAD/STRUCTURE (K6)
NFUEL - MASS OF FUEL ¢X6)
ISP - SPECIFIC IMPULSE (SEC)
G — GRAVIATIONAL ACCELERATION OF EARTH (KM/SEC2)
BTOT - INITIALZTOTAL MASS OF VEHICLE (KG)

INPUT PARAMETERS
ISP=36C
6=.00980665

CALCULATIONS
HMTOT=MPAYLD¢EXP(CVTOT/(ISP*G))
MFUEL=MTOT-MPAYLD

RETURN
END
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PHOBOS TO LEOSS
PHOBOS T3 KOON

PHOBOS T0O JUPITER

PHOBOS TO SATURN
PWOBOS T3 URANUS

PHOBOS T3 NEPTUNE

BARS
BARS
MARS
RARS
MARS
MARS
MOON
MOON
MOON
HKOON
HOON
NMOON
MOON
LNOSS
LNOSS
LROSs
LMOSS
LROSS
LMOSS
LEOSS
LEOSS
LEQOSS
LEOSS
LEOSS
LEOSS
LEOSS

70
T0
T0
T0
T0
T0
70
70
70
T0
70
70
¥0

LEOSS
THE MOON
JUPITER
SATURN
URANUS
NEPTUNL
LMOSS
RARS
JUPITER
SATURN
URANUS
N EPTUNE
PHOBOS

TO JUPITER
TO SATURN
T0 URANUS
TO NEPTUNL
T0 LEOSS
70 MOON
TO0 JUPITER
TO SATURN
TO URANUS
TO NEPTUNE
TO LMOSS
TO PHOBOS
TO MAKS

«543923E+01
«414339E+01
e220521E+02
«166547E+02
«139544E+02
«150246E+02
«568811E+01
«439227E+01
e217596E+02
«161738E+02
«133722E+02
«144083E¢02
«437231E+01
«439227E+01
«255851E+02
«201478E+02
¢173168E+02
«182908E+82
«414339E+01
«217664E+02
e161915E+02
«133960E+02
«144342E+02
«566816E+01
«A437231E+01
©239819E+02
«180556E+02
«149425E+02
«158180£+02
«566816E+01
«543923E+01
«566811E+01

KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC
KR/SEC
KM/SEC
KM/SEC
KM/SEC
KR/SEC
KK/SEC
KM/SEC
KM/SEC
KM/SEC
KK/SEC
KR/SLC
Km/SEC
KM/SEC

e733559E«05
«446744E¢06
e515136E+06
«110891E+06
«510735E+05
«695116E+05
eB01746E+06
«493982E+06
«474086E+06
e966412E+05
e831563E+05
e582173E+05
o890071E+06
«493982E+06
«140300E+07
«299951E+06
«133970E+06
«176852E+06
o &4 674406
«875006E+06
e971318E+05
oA34554E+405
«586539E¢05
«T796100E+06
«490071E+06
«890576E+06
«165391E+06
«678905E+05
«872797E+05
e796100E+06
eT33559E+(6
«B01746E+06

Kb
K&
Ké
K&
KS
Ké
K6
Ks
Ke
Kb
K&
K&
Ké

K6
K&
K6
Kb
K6
K&
K6
K6
Kb
Ke
Kb
K&
Ké
Kb
Kb
Kb
Kb
Kb
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HOHMANN TRANSFER DELTA V PROGRAM WITH FUEL USAGE
COMPUTATIONS

This progrem called Hohdv was used to compute delts Vs and fuel requirement

for missions about one planet. Hohdv uses a8 generic Hohmann trensfer analysis
to compute the delts V required for the mission, and it used an l,’ algorithm to

compute the mass of fuel required for the mission.

For the Hohmann transfer computations and the fuel mass computations all the

input parameters ere in metric units. Kilometers are used instead of meters.

The output values following the progrem ere also metric units.
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PROGRAM HOHDV CINPUToO0UTPUTSTAPE 5=INPUTy TAPE 6=0UTPUT)

THIS PROGRAM WILL COMPUT HOHMANN TRANSFER DELTA VS

RCAL MUMARS ¢yMUERTH oMU
RZAL MPAYLUJMFUELMTOT ISP

INPUT VARIABLES
"RPHOB=9378
RLMOSS=3537.03
RRBRARS=3380
RMOON=384400
RLEOCSS=6841
MUKMARS=4.305C4
HUERTH=3.986ES
MPAYLD=200000

FIND DELTA V FROM PHOBOS T0 LMOSS
R1=RPHOB
R2=RLMOSS
MU=MUFARS
TALL HOHMAN (R19R29MU9DV)
CALL FUEL (DVW¢MPAYLDyMFUEL)
BRITE (6910) OVyeMFUEL

FORMAT (*1°9°PHOBOS TO LMOSS®sT209E12e69* KM/SEC®,

J409E12.69% KGT)

FIND DELTA V FROM PHOBOS T0 MARS
R1=RPHOB
RZ2=RKARS
CALL HOHMAN (R1oR2.KU4DV)
CALL FUEL CDVsMPAYLD¢MFUEL)
MRITE (6320) DBVoMFUEL
FORMAT (*PHORBOS TO MARS®9T209E12.69* KM/SEC?®,
J409E12659 RGET)

FiIND DELTA V FKOM MARS TO LMOSS
R1=RMAKS
R2=RLMOSS
CALL HOhMAN C(R1oR24MULDV)
CALL FUEL (DUVsMPAYLDoMFUEL)
MRITE (6¢30) DVSNFUEL
FORMAT (*MARS T0 LMOSS®¢T209E12.69° KM/SEC®,
“0951206'. K6*)

FIND DELTA V FROM LMOSS TO PHOBOS
R1=RLMOSS
R2=RPHOB
TALL HOHMAN (R19R29MU,DV)
CALL FUEL (DVsMPAYLDyMFUEL)
HRITE (6940) DVINFUEL
FORMAT ("LMOSS TO PHOBOS®9T204E12469° KM/SEC?,
d409E12469°% KG?)

FIND DELTA V FROM MARS TO PHOBOS
RI=RMARS
RKR2=RPHOB
CALL HOHHAN (R19R29MUyDV)
TALL FUEL (DVyMPAYLDMFUEL)
MRITE (6950) DVyMFUEL
FORMAT (°MARS TO PHOHOS®yT209E12+69% KM/SEC®y
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FIND DELTA V FROM LMOSS TO MARS
R1=RLMOSS o
R2=RMARS _
CALL HOHMAN (R1sR29MUsDV)
CALL FUEL (DVoMPAYLDsMFUEL)
HMRITE (6960) DVoMFUEL
FORMAT (*LMOSS TO MARS®¢T209E12.69 " KM/SEC?,
J409E12.69" KG*)

FIND DELTA ¥V FROM LUNAR BASE 10 LEOSS
R1=RMOON
R2=RLEOSS
MU=MUERTH :
CALL HOHMAN (R1sR29MU9DV)
CTALL FUEL C(DVoMPAYLDSMFUEL)
MRITE (6970) DVeMFUEL
FORMAT (°MOON TO LEOSS®¢T209E12.69* KM/SEC®,
d404E12.69" KE?')

FIND DELTA V FROM LEOSS TO LUNAR BASE
R1=RLEOSS

RZ2=RMOON

TALL HOHMAN (R1sR2¢MU,DV)

CALL FUEL (DVeMPAYLDeMFUEL)

SRITE (6+80) DVeMFUEL

FORMAT (®LEOSS TO MOON®9T204E12.69 % KM/SEC?,
J409E12.69* KG*)

STOP
END

SUBROUTINE HOHMAN (R1sR29MUsDV)
REAL MU

PARAKETER DEFINITIONS
K1 - RADIUS OF FIRST OREIT
R2 - RADIUS OF SECOND ORBIT
MU - GRAVIATIONAL PARAMETER (KM/SEC)
OV - DELTA V (KM/SEC)
ENERGY - ENERGY REQUIRED FOR TRANSFER ORBIT
N1 - VELOCITYY NEED AT ORBIT 1 70 6ET TO ORBIT 2
¥C1 - CIRCULAR VELOCITY OF ORBIT 1

CALCULATIONS
ENERGY=-NMU/(R1+R2)
Vi1ESQRT(2+* (MU/R1+ENERGY))
VC1=SQRT(RU/R1)

DV 1=ABS(V1-¥C1)
V2ESQRT (22 C(RU/R2+ENERGY))
¥CR=SQRT(MU/R2)

DV 2=ABS(VC2-V2)

DV =DV1+DV2

RZAURN

END

SUBROUTINE FUEL (DVeMPAYLDoMFUEL)

RZAL MPAYLOoMFUELoMTOT ISP




INPUT PARAMETERS
1SP=360
6= 400980665

CALCULATIONS
MTOT=MPAYLD*EXP(OV/(ISP26))
MFUEL=KTOT-MPAYLD

RZJURN
END
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PHOBOS 1O LKMOSS
PHOBOS TO MARS
MHARS TO LMOSS
LNOSS TO PHOBOS
MARS TO PHOBOS
LMOSS TO MARS
MOON TO LECSS
LEOSS TO MCON

«127239E+01
«134130E£+01
«801104E~-01
©127239E+01
«134130E+01
«801104E-01
«389487E+01
«389487E+01

Kn/SEC
KM/SEC
KM/SEC
KN/SEC
KM/SEC
KM/SEC
KM/SEC
KM/SEC

«B867839E+05
2924365E+05
«459021E+04
«86783SE+05
«924365E+05
e459021E 04
«402783E+06
«402783E+¢06

Kb
K&
K6
Kb
Ké
Ke
Ké
K6




THREE-BODY ANALYSIS USED TO DETERMINE THE ACCELERATIONS
ALONG THE X, ¥, AND Z - AXES

This progrem called Axes uses the three-body equations of motion to compute
the accelerations along the X, ¥, and Z - axes defined in Fig. 3.1. The program
initielly finds the position vector of the points with respect to Phobos. Then
the two position vectors of the center of Phobos and the center of Mars with
respect to the point is found. Using these two vectors the acceleration
component due to each body is computed (this includes the centripetal
acceleration component). All accelerations are then added vectorially. Finally
the components of the acceleration toward the center of Phobos and tangential
to Phobos are computed.

The input and output units are metric. Kilometers are used instead of meters
for all values except the output acceleration values which are in m/sec?. The
output Positions ere from the point to the center of Phobos. (They are the
negative of the position vector of the point with respect to Phobos.) The
Accelerations eore the eccelerstion vectors with respect to the Phobos
coordinate system. The 7ala/ Acceleration velue is the magnitude of the
acceleration vector. The Aorme! Component is megnitude of the
acceleration towerd the center of Phobos. The 7angential Component is the

acceleration perpendiculer to the normal component.
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PROGRAR AXES {INPUTSCUTPUT(TAPL S=INPUTsTAPE 6=0QUTPUT)

CIMENSION XP1€(82),YP1(82)92P1(82)sXP2(82)9YP2(82)92ZP2(82),
*XP3(82)9YP3(82)92ZP3¢82)
*XMICB82)9YFI(B82)oZM1ICLB2)eXM2(82)9TM2(B2)92ZNM2(82)

e XM3(B2)9 YNI(B2)92F3(82),
*FXTOTI(&Z}.FYIOTI(BZ)9FZTOTI(82).FXIOYZ(BZ)'FYTOTZ(SZ)QFZTOTZCSZ)Q
*FXTOT3C(82)oFYTOT3I(B2)eFZTOTI(82)

*FTOT1(82),FTOT2¢B2)4FTCTI(82),

*FCOMP1(82),FCORP2(82)+FCONPI(82),

*FTAN1(82)sFTANZ2(82)9FTAN3I(B2)

QUTPUT POSITIONS RRE THE NEGATIVE CF THE POSITONS RELATVIVE
TO PHOE0S AND ARE IN KM

THE OUTPUT ACCELERATIONS ARE Ix M/SEC2
REAL MMASSsMRsMCONsNORFAL

INPUT VARIABLES
A=13.5

£=10.7

C=S.L
PHMASS=9.8L115
MMASS=G 445123
CGZhebOT7I-17
R=93178

DETERMINZ X POINTS

I=1

00 10y K=3940
PLUS X
X=AeAN20.25
XP1Cz3=x
YP1(I)=(.0
ZP1L1)=0.0
#IKNUS X
XP1¢1+41)=-
YP1(le41)=0.0
ZP1(1+41)=0.C
I=Xel

CONTINUE

DETERMINE Y POINTS

1=2

00 20, N=1,40
Y=BE+N#*J.25
PLUS ¥
XP2¢I3)=0.0
YP2€1)=Y
ZP2¢1)=0.0
MINUS Y
XP2(1+41)=0.0
YP2(1+41)=~-Y
ZP2(1+41)=0.C
I=I-1

CONTINUZ

DETERMINE Z POINTS
I=1
00 30 N=0,40




Z=CoNe0.25
PLUS 2
XP3€1)=0.0
YP3LId=0.D
ZP3(1)=2Z
MINUS 2
AP3¢31+41)3=0,0
YP3(1+41)=0.C0
ZP3(1+41)=~2
I=1«1 -
CONTINUE

PHOBOS TO MARS VECTOR
PHMX=9278
PHMY=0.0
PHMZ=0.0

POINT YO PHOBOS VECTORS

00 605 I=1,82 '
APX(Id)=-AP1CI)
YP1(I)==YP1(I)
ZP1(I)==-2P1(1)

XP2€1)==XP2(1)
YP2(1I)=-YP2(])
Z2P2€I)=~-2P2(1)

XP3LI)==XP3(])

YP3C1)==-YPI(I)

ZP3(1)==-ZP3(1)
CONTINUE

POINT TO MARS VZCTORS

£Q 90, I=1.482
XM1CI)=XP1C(I)*PHMNX
YMIiC(I)=YP1C1)*PHNY
ZM1C1D)=2P1CT)ePHMZ

XM2CI)=XP2C(1)*PHKYX
YM2(1)=YP2(I1)+PHNY
M (1)=2P2CI)+PHMZ

XM3I(II=XP3IC(I)+PHMX

YNIC(IISYPICI)*PHMY

ZM3CII=ZP3 (1) *PHNZ
CONFINUE

tOHPUTE CENTRIPETAL ACCELEAATION COMPONENT
OMEGA=(SQRT(E*MNFAGS/RY)I /R
NORMAL ==R«OMEGA*%2

COMPUTE ACCELERATIONS

00 120, I=1,82
PHR=SCGRTC(XP1(I)*224YP1(1)922¢2P1(I)#=2)
MR=SGRTCAMI(IDee2e YMI( 1) #224ZM2(])22)
PHCON=G *PHMASS/FHR**3
MCON=G2MMASS/MR*s3
FXP=PHCON=XP1(1)
FYP=PHCON=YP1(1)
FZP=PHCON=2P1(1)
FXM=MCON-XM1(])
FYM=MCON=YM1(])




(@]

FZPE=MCON+ZM1(I)

FXTCTILID=FUAP*FXNK*NORMAL

FYTGT1C1)=FYP<FYR

FZTOT1(1)=FZP<+F2Z¥
FTIOT1CI)=SORY(FXTOTIC(I)»22+FYTOT1(I)*22+FZTOT1(I)»22)
C=XP1CI)oFXTOT1ICID+YPIC(IDsFYTOT1(I)+ZP1(I)*FZT0T1(])
P=SGRT(XP1CI)222+YPI(I)ee2+ZpP1(]I)es2)

FCOMP1(I)=D/P

FTANZCI)=SQGRTCFTICT1(1)»»2-FCOMP1(I)*+2)

PHR=SQRTE(XP2( 1)+ 22+ YP2( 1) a22¢2P2(])*+2)
MR=SQRTIXN2(I)*22+YH2(I)*e2+4ZN2(])e2)
PHCON=G+PHRASS/PLHRa¢3

MCON=GeMMASS/RR**3

FXP=PHCON=XP2(C(I)

FYP=PHCON+YP2C(I)

FZP=PHCON=2ZP2( 1)

FXM=MCON«XM2(I)

FYM=RCON-YN2(I)

FZM=MCON+2ZM2(1)

FXTOAT2(I)=FXP*FXM+NORMAL

FYTOT2(I)=FYPeFYK

FZTGT2(I1)=FZP+FZ¥
FTICTZ2CI)=SQRTIC(FXTOT2¢ ) 2Z+FYTOT2(I)*o24FZTOT2(I)n22)
O=XPICI)sFXUTOT20 )+ YP2( 1) oFfYTOT2(I)+ZP2(I)*F2T0T2(])
F=SQRT(XP2CI)aa2+YP2(1)*»22+47ZF2(1)e22)

FCOMPZLID=D/P
FTANZC(I)=SGRTICFTCTI2C¢1)22_-FCOMP2(I)*22)

PHR=SGRT{(XP3I(I)2a22+YPI(I)#22+ZP3(I)222)
BMR=SCRTIXN2(I)eale YMI(I)#22+7M3()n22)
PHCON=G+PHMASS/Pr-R**2
FCON=G*MMASS/MR2+]
FXP=PHCON«XP2IC(I)
FYP=PHCON2YPZI(])
FZP-PHCONa2ZP3(])
FXM=MCON*XM3LI)
FYP=MCON=¥YM2(I)
FZN=MCON<~ZM3(I)
FEXTOTICII=FXPeFXM+NORMAL
FYTOT3(1)=FYPoFYM
FZIQT3I(I)=F2PeFZR
FTIOTICI)=SERTCFXTOTI(I)w+2+FYTOT3ICI)«22¢FZTOT3I(1)*22)
D=XP3ICI)sFXTOT3CI)eYPIC(II2FYTOT3CII+ZP3I(Id=FZTOTI(]I)
P=SQRTIXFI (1) es2+YPI(I)222¢ZP3(1)=22)
FCOMP3L(I)=D/P
FTIANICI)=SQRICFTCOTI(I1)»22-FCONP3(I)*22)

120 CONTINUE

PRINT CGUT DATA
D0 140, I=1,82
IF €JI.LGel) MRITE (64200)

200 FORMAT (*1°*PLANE 1- PLUS X*)
IF (J1.£G.42) MRITL (69205)
2385 FORMAT (S1°%o°PLANL 1 ~ MINUS X°)
SMRITC (€9210) XP1CI)eYP1(1)4ZP1(1)
21: FORMAT (*0%9*POSITION®T103E12e63T254E12e69T409E2266)
WRITE €69220) FXTOT1ICI)oFYTOTICIDoFZTOT1ILI)
22¢ FORMAT (2ACCEL®9T10951263T259E12669T409E124€)
MRIT: €69230) FTOT1(I)
23% FORMAT (*JOTAL ACCEL'9T154512e6)

WRITE ¢69235) FCOMP1¢I)
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23% FORMAT C(°NORR COMP'3T15,[12.6)
WRITL (652372 FTAN1(I)

227 FORMAT (*TAK COMP®T15¢E12.6)

140 COANTINUE

C

CC 150, I=1,82

IF C1.EQe1) MRITE (€9240)

242 FORMAT (*19%9,°PLANE 2 - PilUS Y®)
IF €1.2Q.A2) HRITL (6£4245)

245 FORMAT (*1%4*PLANE 2 - MINUS YO®)
MRITL €65250) XP2C(1)eYP2CI1)yZP2(1)

250 FORNAT (0% "POSITION®9T104E12.690T7259E12.69T409E12.6)
HRITE €69260) FXTOT2C(ID+FYTOT2(I)oFZTOT2(I)

2€90 FORMAT (*ACCEL®9T1C9E12.69T259E12465T400EL12.6€)

MRITE €6+270) FTOT2(I)
278 FORMAT (*TOTAL ACCEL®*3T159E12.6)
HRITE ¢€69275) FCOMP2CI)

275 FORMAT (*NORNM COMP*,T155E12.6)
MRITE €69277) FTAN2(])
277 FORMAT (°TAN COMP®*3T154E12.6)
150 CONTINUE
C
DC 160, I=1482
IF €1eEGel) HWRITE (649280)
283 FORMAT C(T1%4°PLANC 1 - PLUS 2°)
IF CI£Qe42) WAITE (€£428%)
285 FORMAT (*194°PLANT 2 - MINUS Zv)
WRITL €63293) XP3CI)sYP3IC(1),ZP3C(1)
2S5 FORMAT (*0°%y*POSITION®eT105T12e69T259F12.69T409E12e6)
HRITC €64300) FXTOT3I(IDFYTOT3IC(I)oFZTIOT3CI)
300 FORMAT C( ACCEL®9T109 12631259 12e69T404012,.:)
WRIT. €65310) FTOT3(1)
31c FORMAT (°*TOTAL ACCEL"9T1Cstl246)
BRITZ (64,313) FCOMP3I(I)
315 FORMAT ("NORM COMP*3T1S,4 12.L)
BRITL €64317) FTAN3C(I)
317 FORMAT C(2TAK COMP®*oT15951246)
1€0 CONTINUZ
C
STCP
<ND
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TWO-BODY ANALYSIS USED TO DETERMINE THE ACCELERATIONS ALONG
THE X, Y, AND Z - AXES

This program called Axes uses the two-body equations of motion to compute
the accelerations due to Phobos only. The points for which the accelerations
ore computed are along the X, Y, and Z - axes ond are defined in Fig. 3.1. The
program initially finds the position vector of the points with respect to
Phobos. Then the position vector of the center of Phobos with respect to the
point is found. Using this vector the acceleration component due to Phobos only
is computed (this does not include the centripetal acceleration component due
to the orbit about Mers).

The input and output units are in metric units. Kilometers are used instead of
meters for all values except the output acceleration values which ere in
m/sec?. The output Pasitions ere from the point to the center of Phobos.
{They are the negative of the position vector with respect to Phobos.) The

Tatlal Acceleration velue is the magnitude of the acceleration vector.
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PROGRAF AXES2 C(INPUT OUTPUT,TAPE S=INPUTTAPE 6£=O0UTPUT)

DiMENSION XP1(82)sYP1(82)4ZP1(8B2)9XP2(82)9YP2(B2)sZP2(82),
*XP 3(82)yYP3€82)92P3(82),
*FTOT1(82)9FTOT2(82)9FTOT3(82)

OUTPUT PUSITIONS ARE THE NEGATIVE OF T#Hi POSITONS RELATIVE
TO PHOBOS ANU ARE IN KM

THE OUTPUT ACCLLERATIONS ARE IN M/SEC2

INPUT VARIABLES
A=13.5

B=10.7

C=9.6
PAiMASS=9.8£15
6=6.6TE-17

DJERMINE X POINTS

I1=1

D) 109 N=0,40
PLUS X
X=A+h*0425
XP1lCI)=X
YP1(I)=Ca0O
ZP1(1)=0.0
MINUS X
XFl1C(l+4l1)==X
YF1(I+41)=0.2
LdFP1(1+41)=0,.0(
iz=]I+1

CONTINUE

DTERKINE Y POINTS

I=1

DL 2Cy N=0,40
Y=b+N=20 o5
PLUS Y
XP2(€(1)=0.0
YP2(I)=Y
2P2(1)=0.0
#HINUS Y
XP2(1+41)=0,0
YP2C(I+41)==~Y
ZP2(1+41)=0.9
Iz=fel

CONTINUE

DZJERMINE Z POINTS

I=1

D0 30y N=0y40
Z£=C+N20,25
PLUS Z
XP3(1)=0.0
YP3(I)=0.0
ZP3(1)=2
MINUS £
XP3(1+41)=0.0
YP3(I+41)=0,0
ZP3(I+41)==2
I=1+1
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30 CONTINUE

c
c P5>INT TO PHOBOS VECTORS
DO 60y I=1,82
XP1¢I)==XP1CI)
‘¥YP1CI)==YP1(I)
2P1¢1)==2P1(1)
c
XP2(I)==XP2(I)
YP2(I)==YP2(1)
ZP2(CI)==2P2(1)
c

XP3C(I)==XP3(1)
YP3(I)==YP3(1)
ZP3(1)==2F3(1)

60 CONTINUE

Cc

C COMPUTE ACCELERATIONS

DG 1209 I=1482

PHR=SGRT(AP1I1(I)222¢YPL1(1)22242P1(I)2e2)
PHCON=6*PHMASS/PHR*2 3
FXP=PHCON=XP1(I)
FYP=PHCON*YP1(I)
FZP=PHCON=2ZP1 (1)
FTIOTICI)=SURT(FXP222¢FYP2224F2P%22)

PHR=SGRT(XPZ (1) =224 YP2( 1) #2242P2(]1)*22)
PHCON=G*FRMASS/PHR#** 3

FXP=PHCOK*XPz (1)

FYF=PHCON*YPZ (1)

FZP=FHCON*ZP2(])
FIOTZ(I1)=SQRT(FXP222+4FYP2a2+F2P%x+2)

PHR=SGRT(XP3(I)222+4YP3(1)#2242P3(I)222)
PHCON=G*PHMASS/PHR=+3
FXP=PHCON*AP3 (1)
FYP=PHCON*YF3(I)
FZP=PHCON*ZP3(I)
FTIOT3C1)=SURT(FXP*+2+FYPsa2+4F2P»42)

120 CONTINLE

c PRINT OUT LATA
DU 14309 I=1482
IF (Iefuel) WRITE (69200)
200 FORMAT ("1°3°PLANE 1- PLUS X¥)
IF (I.EG.42) MWRITE (69205)
205 FORMAT ("1°4*PLANE 1 - RINUS X*)
MRITE (64210) XP1C¢I)sYP1(1)92ZP1(1)
210 FORMAT ('0® o POSITION®9T109E12e69T259E12e69T4#09E1246)
HBRITE €69230) FTOT1(I)
230 FORMAT (*TOTAL ACCEL*9T159E1246)
140 CONTINUE

c
D0 150y I=1,82

1F (le.EQel) WRITE (69240)

240 FORMAT (*1*4*PLANE 2 - PLUS YT")
IF (leEGe42) WRITE (69245)

245 FORMAT ('1°,*PLANE 2 - MINUS YY)
BRITE (64250) XP2(1)¢YP2(1)eZP2(I)

250 FORMAT ('C?o*POSTITION®9T109E12e690T259FE12.69T409FE12.6)

MRITE (64270) FTOT2(1)
270 FORMAT (*TOTAL ACCEL®9T154E12.6)




299

310
160

CONTINUE

03 1609 I=1982
IF (I.EG-1) WRITE (69280)
FORKAT ('1°%,'PLANE 1 -~ PLUS 27)
IF (I1.EG.42) WRITE (69285)
FORMAT (*1°9*PLANE 2 - MINUS Z')
MRITE (64290) XP3CI)sYP3C(I)y2ZP3(I)
FORMAT (°0°*9*POSITION®gT1104E12.69T259E12e69T409E1206)
MRITE (64310) FTOT3(I) )
FORMAT (*TOTAL ACCEL®"9T159£1246)
CONTINUE

Srop
END
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THREE-BODY ANALYSIS USED TO DETERMINE THE ACCELERATIONS IN
FOUR PLANES

This program called Axes uses the three-body equations of motion to compute
the accelerations in the planes defined in Fig. 3.2. The program initially finds
the position vector of the points with respect to Phobos. Then the two position
vectors of the center of Phobos and the center of Mars with respect to the point
is found. Using these two vectors the acceleration component due to each body
is computed (this includes the centripetal accelerstion component). Al
accelerations are then added vectorislly.

The input and output units ere metric. Kilometers are used instead of meters
for all values except the output acceleration values which ere in m/sec?. The
plane numbers are defined the same way as in Fig. 3.2. The output Pasitians
are from the point to the center of Phobos. (They ere the negative of the
position vector with respect to Phobos) The Accelerations ore the
acceleration vectors with respect to the Phobos coordinate system. The 7ata/

Acceleration velues is the magnitude of the acceleration vector.

>
1

20




OO0 000000

1¢

20

PROGRAM PLANES (INPUT9OUTPUTLTAPE 5= INPUT,TAPE 6=O0UTPUT)

DIMENSION XPl(56)9YP1(56)9ZP1(56)9XP2(42)yYP2(42)92ZP2(42),
0!?3(34)s¥P3(34)92?3(30)QXP4(34)'YP4(SQDQZPQ(SQJ’
OXKI(SS)QYHI(SG)QZH1(56)'XH2(02)’VH2(42)QZH2(§2)|
tx%&(SQ).YHS(SQ)QZHB(BQ)'XHQ(34)9'”4(34).2"4(3*)’
*FlJOTl(Bé)tFYTOIl(SG),FZTOYl(56)9FXTOT2(42)0FYFOTZ(42).F27072(42)o
*FXJOTB(34)9FYTOYS(34)QFZTOI3(34)’FX7014(34)0FYIOI4(34)’FZTOTQ(34)0
*FTOT1(S6)9FTOT2¢42)oFTOTI(34),FTOTA(24)

OUTPUT POSITIONS ARE THE NEGATIVE OF THE POSITONS RELATIVE
Td PHOBOS AND ARE IN KM

THE OUTPUT ACCELERATIONS ARE IN M/SEC2
RZAL MMASS ¢yMR 9y MCONyNORMAL

INPUT VARIABLES
A=13.5 :
B=10.7

C=9.6
P4MASS=9.8C15
MYASS=6.46L23
6-6e6T7E-17
R=39378

ODITERMINE PCINTS IN PLANE 1

I=1

D3 10y N=1,28
X=N=-14.5
XP1l¢I)=X
YP1(I)=0.6
ZPLCID)=SURT(C#a2¢(l=X*e2/A%22))
I=]el
XP1(1)=X
YP1(I)=0.0
LP1C1)==SGURT(C*»222(1=Xs22/A+22))
I=ie<}

CONTINUE

DZTJERKINE POINTS IN PLANE 2

I=1

OO 20y N=1,21
Y=N-11.7
XP2(1)=0.0
YP2(1)=Y
ZPZ(I)=SWRT(Cas22(1-Yar2/E222))
I=1<1
XP2(13=0.0
XP2C1)=Y
ZP2(1)==SART(Cra24(1~Y*22/B?+2))
I=Ie1

CONTINUE

DZTERMINE POINTS IN PLANES 3 AND 4
I=1
X.IMIT=SGRT(Ar22s5aa2/ (A2 s24B#32))
DO 30e N=1,17

X=N=C1l+XLIMIT)

XP3(1i)=Xx

YP3(1)=X
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30

4C

5¢C

60

70

80

90

XP&(I)=X
YP4(1)==X

ZP3(I)=SART(Cs22a(l-X#e2/A222=Y222 /Bx22))

ZP4(I)=2P3(]1)
I=I+l
XP3(Id)=X
JYP3(1)=X
XP4(I)=X
YP4(I)==X

ZP3(I)==SQRT(Cw22a(l~X*22/As22=-Xs42/B222))

ZP4(1)=2P3(1)
I=I+1
CONTINUE

PiOBOS TO MARS ¥ECTOR
PHMX=9378
PAMY=C.0
PaMZ=0.0

POINT TO PHOBOS VECTORS

DO 40, I=1956
XP1¢1I)==XP1(1)
YP1C(1)==-YF1(1)
ZP1(1)=-2P1(1)

CONTINUE

DG S50y 1I=1442
XP2(I)==XP2 (1)
YP2(1)==YF2(])
LP2(1)==2F2(1)

CONTINUE

DO 60y 1I=1,34
XP3C(1)=~XP3(1)
YP3(I)==YP3(I)
ZP3(1)==-2P3(1)
XP4(I)==XP4 (1)
YP4(I)==YP4 (1)
P4 (1)==-2F4 (])

CONTINUE

PCINT TO MARS VECTORS
DO 70y I=1456
XMIC(I)=XP1CI)+PHMX
YMI(I)=YP1C(I)*PHMY
ZM1C(I)=ZP1CI)+PHM2Z
CONTINUE

DC 80y Iz=1,42
XM2(I)=XP2C¢1)+PHNMX
YM2(I)=YP2(I)+PHMY
EM2(1)=2P2(1) +PHMZ

CONTINUE

DO 90, I=1,34
XM3(I1)=XP3CI) +PHMX
YM3I(I)=YP3(1)+PHMY
ZM3(1)=ZP3 (1) +PHHZ
XMa (I)=XPACI)+PHKX
YM4 (1)=YPACI) +PHHY
ZK&(1)=2PACT) +PHN2Z

CONTINUE
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c

c CINTRIPETAL ACCELERATION COMPONENT
OMEGA=(SGRT(6*MKASS/R))I /R
NORHAL==R*OMEGA*22

c

c COMPUTE ACCELERATIONS

DO 130y I=1,56
PHR=SQRT(XP1(I)**2+YP1(l)**202P1(I)**2)
MR=SGRTCXKICIDa#2¢YMIC(I)2e2¢4ZNM1(1)2n2)
PHCON=6+FhMASS/PtiR*2 3
MCON=G*NKASS/MR*=J
FXP=PHCON=»XP1(I1)

FYP=PHCON*YP1(1)
F2P=PHCON*2ZP1(1)
FXM=MCON+*XM1(I)
FYN=MCON*YM1(1)
FZM=MCON2ZM1(1)
FXTOT1CID)=FXP+FXM*NORMAL
FYTOT1C1)=FYP+FYN
FZTOT1CI)=FZP+FZNM
ETOTI(I)=SGRT(FITOTI(I)**Z*FYTOTI(I)i'20FZIOII(I)"2)

100 CONTINLE

Cc

DL 1104 I=1942
PHR=SCRT(XP2(I)*224YP2( 1) %»242P2(T)222)
MR=SGERT(XMZ (I) 220 YM2(I )2 e242M2(1)2aZ)
PHCON=GsPHMASS/PHR223
MCON=G2MMASS/MK* =]

FXP=PHCON*XPZ (1)
FYP=PHCON<YPZ (1)
FZP=PHCON=»ZP2(]1)
FXM=MCON=XM2¢])
FYK=MCON=YK2(1])
FZM=MCON*2ZMZ(])
FXTOT2CI)=F XF+FXMeNORMAL
FYTOT2CI)=FYFP+FY¥
FZTOT2(I)=FZP+FZH
F7012(1)=SHRT(FlTOTZ(I)'*Z#FYTOTZ(I)*‘20FZTOIZCI)1'2)

110 CONTINUE

(o}

DL 120Gy 1=1934 .
PHR=SQRT(XP3(I)**2¢YP3(I)**2OZP3(I)'i2)
MR=SQRT(XMI(I)»*2¢YM3I(I)2n242N3(1)xs2)
PHCON=6*PHMASS/PHR** 3
MCON=G2MNASS/NR**]

FXP=PHCON#*XP3(1)
FYP=PHCON*YP3(1)
FZP=PHCON22P3(1)
FXN=MCON=2XM3I(I)
FYM=MCONYM3(])
FZM=MCON*ZMK3(1)
BXTOT3(1)=FXP+FXM+NORMAL
RYTOT3C(I)=FYPeFYN -
FZTOT3(1)=FZP+FZN
PYOTS(I):SGR](FXTOT3(I)**2*FYIOT3(I)*OZOFZTOTS(I)'*Z)
120 CONTINUE

(o

DL 130 I=1434
PHR=SQRT(XPA(I)*22¢YPA(]1)a424ZP4 (1) 2»2)
MR=SGRT(XKRA(I)*»224YMA(I)2224ZM4(]I) »22)
PHCON=G2PHRASS/PrHR=2x3
MCON=6*MMASS/MHR223




FXP=PHCON=XP4 (1)
FYP=PHCON*YP4 (1)
FZP=PHCON*2ZP4 (1)
FXM=MCON*XM4 (1)
FYM=MCON*YH&(])
FZR=MCON+ZM4(1)
FXTOT4(I)=FXP+FXM+NORMAL
FYTOT4(C1)=FYP+FYH
FZTOT4CI)=F P +FZINM
FTOTA(I)=SQRT(FXTOTE(I)+»2+FYTOTA(I)#s2¢FZTOT4(I)222)
130 CONTINUE

c PKRINT OUT DATA
MRITE (64200)
200 FORMAT (*1'9*PLANE 1Y)

D) 140¢ I=1956

MRITE €(63210) XP1CI)eYPL1C(I)eZF1(1)
210 FORMRAT (*0%9*POSITION®eT109E12e69T259E12.69T409E12.6)
MRITE €69220) FXTOT1CID)oFYTOTIC(IdoFZTI0TI(])
220 FORMAT ('ACCEL®9T109E12e69T259E1269T409E1206)
BRITE €69230) FTOTIC(I)
238 FORMAT (*TOTAL ACCEL®9T154E1246)
140 CONTINUE

¢

WRITE (69240)
24C FIRKMAT (*1%,%PLANKE 2V)
Do 150y I=1442
MRITE (6425C) XP2(C€1) o YPZ(1)e2FP2¢I)

250 FORMAT C(*6%9*PUSITION®yT109E12e69T259E12.69T409E12.6)
SRITE (692680) FXTOTZ(IDoFYTOTZ(I)FZT0T2(I1)
260 FORFAT (CACCEL®9T109E12¢69T259E12e69T40921245)
MRITE (64270) FTO0T2(1)
279 FORPAT ('TOTAL ACCEL'$T159E1246)
150 CONTINLE
c

WA ITE (64280)
282 FORKAT (*1',*PLANE 3°%)
Du 160y I=1934
MRITD (64290) XP3C(I)oYP3I(I)eZP3I(1)

290 FORMAT (*C®y*FOSITION®yT1CeE12¢69T259E12469T409E1246)
MRITE (69300) FXTOT3CI)oFYTOTI(IDoFZTOTI(]1)
300 FORMAT (YACCEL®9T10eE1269T259E12e69T40sE1246)
HRITE (6+310) FTOT3(1)
31¢ FORMAT (*TCGTAL ACCEL®*9T1S9E12.6)
160 CONTINUE
c

HRITE (69320)
320 FORMAT (*1°,*PLANE 4%)
DO 1704 I=1434
HMRITE €64330) XP4(I)YP4&(I)e2ZP4(I)
330 FORMAT (900 9*POSITION®9T109E12469T259E1269T409E1246)
MRITE (69340) FXTOTA(I)+FYTOTACLI)FZTOTA(CI)
340 FORMAT (*ACCEL"9T109E12e69T259E12669T409E1266)
HRITE (64350) FTOTA(I)
350 FORMAT (*TOTAL ACCEL®*9T159E1246)
17C CONTINUE

st op
EnxD
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ACRONYMS

Al - Artificiel Intelligence

AM - Application Module

EVA - Extra Vehiculer Activity

FV - Flying Vehicle

JSC - Johnson Space Center in Houston
LEO - Low Earth Orbit

LEOSS - Loy Earth Orbit Space Station

LIL-TLEV - Luner International Laboratory-Translunar Expioration Yehicle

LMO - Low Mars Orbit

LMOSS- Low Mars Orbit Space Station

LSM - Linear Synchronous Motors

MLY - Magnetic Levitation Vehicle

MMU - Manned Maneuvering Unit

MRMS - Mobile Remote Manipulating System
NASA - National Aeronautics and Space Administration
PC - Personsl Computer

PDR - Preliminary Design Review

PPPM - Primary Power Plant Module

RPY - Remote Placement Vehicle

REM - Roentgen-Equivalent-Man

RFP - Request For Proposal

RMPM - Rew Material Processing Module
RMS - Remote Manipulating System

SBVM - Storage/Base Yehicle Module
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SHHM - Safe Haven/Habitation Module
SM - System Module

SSAS - Small Scale Anchor System
SSU - Space Scooter Unit

TSS - Texas Space Systems

UT - University of Texas at Austin
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